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CROSS-COUPLING REACTION OF ORGANOSILICON NUCLEOPHILES 

STATEMENT OF FEDERAL SUPPORT 
This invention was funded by the United States government through a National 
Science Foundation grant NSF CHO 9803124 and 9500397. The United States government 
5 has certain rights in this invention. 
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1 0 BACKGROUND OF THE INVENTION 

CI Metal-catalyzed, cross-coupling reactions have, in general, become an important 

synthetic tool for the construction of carbon-carbon bonds (Scheme 1) (1, 2). 

Hi 

m Scheme 1 



a — catalyst 
\ VM + X-f > Ni, Pd, Pt 



gi M = Li,MgX, AIR 2 ,ZnX 

g) BR 2 , SnR 3 

g! 

£| This fundamental transformation has been demonstrated to occur with a 

T5 variety of organometallic nucleophiles and organic electrophiles typically catalyzed by Ni or 
Pd. The Suzuki coupling of organoboranes (3) and the Stille (Migita-Kosugi) coupling of 
organostannanes (4), for example, employ stable, isolable reagents that are extremely weak 
nucleophiles with good functional group compatibility. Cross-coupling reactions (1, 2) can 
be used, for example, to construct biaryl subunits which are a commonly found in biologically 

20 active molecules (5). Biaryl-containing compounds are also useful in the design of new 

compounds including organic semiconductors and liquid crystals (6). Existing methods 
and reagents for metal-catalyzed cross-coupling reactions, however, have some 
disadvantages, including attenuated and substrate-dependent reactivity, oxygen-sensitivity, 
high molecule weight and toxicity, which limit their utility and scope of application. 

25 There is continuing interest in the development of new cross-coupling reactions that 

employ milder procedures and have broader structural generality. Desirable aspects of 
improved cross-coupling reactions include:(l) increased ease of preparation of the reagents 
(2) mildness of reaction conditions (3) stereospecificity of reaction (4) functional group 
compatibility and (5) tractability of by-products. 



(/ . The^fry^ma group (7-11, 13) has reported that functionalized organosilanes: aryl 
and/or alkenylfluoro^tkjies (7-1 1), -fluorosiliconates (10a) and -orthosiliconates (10b; 12), 
do engage in cross-coupling^ba^Uons. However, these reagents are difficult to synthesize in 
geometrically defined form, are diffit^to purify and require somewhat harsh reaction 
conditions for cross-coupling. Silanols (1 j)S*aye also been demonstrated as appropriate 
coupling partners. \ 

Ideally an organosilicon reagent for use in a cross-coupling reaction will have low 
molecular weight, be highly effective for cross-coupling, easy to synthesize, stable under 
chromatographic purification conditions, easily activated toward organic electrophiles, 
particularly organic halides, converted to harmless (or at least less toxic) by-products. It is 
further desirable that the organosilicon reagent be compatible with a variety of functional 
groups and exhibit stereoselectivity in reaction. 

The present invention provides methods for metal-catalyzed cross-coupling and 
improved organometallic nucleophiles for use in such reactions. 

SUMMARY OF THE INVENTION 

The present invention provides improved methods for generating a -C-C- bond by 
cross-coupling of a transferable group with an acceptor group. The transferable group is a 
substituent of an organosilicon nucleophile and the acceptor group is provided as an organic 
electrophile. The reaction is catalyzed by a Group 10 transition metal complex (e.g., Ni, Pt or 
Pd), particularly by a palladium complex. 

A first important aspect of this invention is the use of improved organosilicon 
nucleophiles which are readily prepared, and can give high product yields and exhibit high 
stereospecificity. A further important aspect of the invention is the activation of the 
organosilicon nucleophile by addition of an activation agent that provides an activating anion 
(e.g., a halide ion, hydroxide ion, hydride etc.). The activated organosilicon nucleophile is 
then reacted with the acceptor group in the presence of the palladium complex to generate the 
cross-coupling product. 

Activation of the organosilicon nucleophile prior to contact with the acceptor group 
significantly decreases the formation of undesired side-products that may result from 
reduction of the organic electrophile. It has also been found that the amount and type of 
activating agent can affect the rate of the reaction. It is believed that preferred activator 



01 



01 



anions (e.g., F" and OH") should be capable of acting as bases to assist in the association with 
the metal (e.g., palladium) intermediate, but should also be capable of acting as nucleophiles 
to further promote the transmetallation by forming siliconate complexes. 

More specifically, the invention provides improved cross-coupling reactions 
employing the organosilicon nucleophile of formula I wherein the silicon donor reacts with 
an organic electrophile (R 3 -Y) in the presence of a palladium catalyst (M-Ln, where Ln 



R 1 — S i + R 3 -Y — — T-R 3 

| < M-Ln 

'•-•R- 2 -'-'' 



represents various ligands) to form the -C-C- coupled product ( T-R 3 ), where T is a 
transferable group on the organosilicon nucleophile, R 3 is the acceptor group and Y is the 
leaving group of the organic electrophile (Y can be various halides, among others). The 
reaction is performed in the presence of an activating agent, the salt A"Z\ 

The organosilicon nucleophile can contain more than one transferable group, spectator 
(non-transferred) groups (e.g., R 1 or R 2 ) and other functional groups X, which may be 
Q covalently linked to each other as indicated by dashed lines in formula I . 

In a preferred embodiment, the organosilicon nucleophile is activated with the 
15 activating agent prior to reaction with the organic electrophile. The reaction is typically 
carried out in an appropriate solvent including, among others, polar aprotic solvents, for 
example, ethers, THF (tetrahydrofuran), DMF (dimethylformamide), CH 3 CN, TBME (t- 
butylmethylether) or mixtures thereof. 

The transferable group (T) can be selected from aromatic (including aryl and 
20 substituted aryl), substituted aromatic, heteroaromatic, olefinic, substituted olefinic, allylic, 
substituted allylic, acetylenic, substituted acetylenic, allenic, substituted allenic, an acyl 
group, an alkyl including: cycloalkyl and heterocycloalkyl groups, and substituted alkyl 
groups, including perfluoralkyl groups. T groups can also contain one or more substituents 
(Rs) that are protected from reaction during the cross-coupling reaction by an appropriate 
25 protective group, as is understood in the art. 
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T groups specifically include, cyclopropyl groups, epoxy groups, vinyl groups, 
propenyl groups, butenyl groups, pentenyl groups, hexenyl groups, heptenyl groups, 
acetylenic groups, propargyl groups, aryl-substituted alkenyl groups, phenyl groups, naphthyl 
groups, thienyl, pyridinyl groups or acyl groups. All T groups can be substituted with one or 
5 more non-hydrogen substituenets (Rs),. which can include among others halides, CN, and N0 2 
groups. 

R 3 is an acceptor group to which T will be coupled and which can be an aromatic, 
substituted aromatic, heteroaromatic, olefmic, substituted olefinic, allylic, substituted allylic, 
acetylenic, substituted acetylenic, allenic, substituted allenic, alkyl, and substituted alkyi 

10 groups. Y is any leaving group that will not otherwise interfere with the reaction, including 
among others: I, Br, CI, OTf (triflate), OTs (tosyl), nonaflate, phosphates, iodonium ions, or 

CI N 2 + . Preferred leaving groups are I and Br. The acceptor group can carry one or more non- 

SJ hydrogen substituents (Rs) which can include electron withdrawing groups and electron 

Hi 

HI donating groups. 

Jj> M-Ln is a Group 10 metal complex, where Ln can represent the presence of one or 

>j more ligands. Preferred metal complexes are palladium complexes which can have 2-4 
C3 ligands/Pd. The catalyst can contain more than one palladium and have ligands bridging the 

S% palladiums. Ln can be organic groups or halides or mixtures of organic groups and halides. 
W Palladium catalyst include, among others, Pd(dba) 2 ; Pd 2 (dba) 3 * solvent; [Pd(allyl)Cl] 2 ; PdCl 2 ; 

Bo Pd(OAc) 2 ; Pd(OTFA) 2 ; (Ph 3 P) 4 Pd; (Ph 3 P) 2 PdCl 2 ; (COD)PdBr 2 ; Pd(OTf) 2 ; (PhCN) 2 PdCl 2 ; and 
(Ph 3 P) 2 PdBrCl. Preferred Pd catalysts are Pd(dba) 2 ; Pd 2 (dba) 3 «solvent; and [Pd(allyl)Cl] 2 
(dba is dibenzylidene acetone, OAc is acetate, OTF A is trifluoracetate, Ph is phenyl, COD 
is 1,4-cyclooctadiene, and OTf is triflate.) M-Ln can be prepared and added to a reaction or 
prepared in situ by separate addition of a stable organic source of the metal, e.g. a stable 
25 organic source of palladium, and a selected ligand or mixture of ligands. 

The activity of a given catalyst for the cross-coupling reaction of this invention may in 
some cases be enhanced by addition of an additive, such as Cul or other additives that have 
been shown to enhance coupling reactions such as the Stille Coupling reaction. 

The activating agent A + Z" for activating the organosilicon nucleophile is an anion 
30 source. Preferred anions are those that can function as a base as well as a nucleophile. Anions 
include F\ OH\ CN', N 3 \ HF 2 \ H 2 F 3 \ H\ RO", where R is an alkyl or aromatic (including an 
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aryl) group, (R) 3 SiF 2 " where the Rs in the same anion can be the same or different and are 
alkyl groups or aromatic (including aryl) groups, e.g., (CH 3 ) 3 SiF 2 \ (Ph) 3 SiF 2 -; and (R) 3 Si-0\ 
where Rs in the same anion can be the same or different and can be alkyl or aromatic 
(including aryl) groups. Anions can be provided as salts with any appropriate cation. Cations 
include K + , Na + , R 4 N + , Cs + , (R 2 N) 3 S + (where R is aliphatic). The cation is typically selected 
to facilitate solubility of the activating agent in the selected reaction solvent. 

In a specific embodiment, the cross-coupling reaction is performed free of fluoride 
ion. In this embodiment, the preferred activating agent is a base such as hydride (H~) or a 
silanolate anion ((R) 3 -Si-0"). Fluorine-free cross-coupling is preferred for use with coupling 
substrates (T or R 3 -Y) which contain silyl protective groups. The use of activating anions that 
are not fluorine expands the utility of the cross-coupling reaction to allow the use of silyl 
protective groups. The preferred organosilicon nucleophiles for use in fluoride-free cross- 
coupling are organosilanols. 

In a specific embodiment, the invention provides a method for generating biaryl 
moieties in the cross-coupling reaction. In this case, T and R 3 are aryl groups or substituted 
aryl groups. In another specific embodiment, the invention provides a method for generating 
dienes in the cross-coupling reaction. In this case, T and R 3 are olefinic groups or substituted 
olefinic groups. 

The cross-coupling reaction of this invention is compatible with a number of other 
reactions which can be used to form organosilicon nucleophiles that can then participate in 
the cross-coupling reaction. In certain cases, the reagents for the cross-coupling reaction can 
be combined with those for generating the organosilicon nucleophile, so that a one-pot 
protocol can be employed to generated desired cross-coupling products. 

For example, the formal addition of an aryl-H or alkenyl-H bond across a terminal 
alkyne can be accomplished in a single reaction vessel by combination of a platinum- 
catalyzed hydrosilyation followed by the cross-coupling reaction of this invention. Highly 
stereoselective conversion of homopropargyl alchols to trisubstituted homoallylic alcohols 
can be achieved in a one-pot reaction by coupling of alkylidenesilacycloakanes formed from 
intramolecular hydrosilyation of homopropargyl alcohols . 



The cross-coupling reaction of this invention can be combined with ring-closing 
metathesis of silylvinyl ethers to generate unsaturated alcohols (e.g., diene alcohols or styrene 
alcohols). 

The present invention also provides improved organosilicon reagents for use in metal- 
catalyzed cross-coupling reactions. The reagents are alkenyl- or aryl-substituted silanes or 
siloxanes which are highly effective for cross-coupling, compatible with a wide range of 
functional groups, and which provide generally high reaction yields and stereoselectiveness. 

Organosilicon reagents include those of formula I: 

T 

, r-- ; 

F\ 1 — Si X 

I 



|J! where T is a transferable group as described above; R 1 and R are spectator groups (non- 

Jjo transferred) which can be selected from alkyi or substituted alkyl groups or groups containing 

-O-Si-, particularly groups containing one or more -0-Si(R A R B )- groups and -OSi-(R A R B 
CI Rc) groups or one or both of R l and R 2 can be transferable groups (T). R A , R B , and 

*| independently, can be spectator groups, functional groups (X), or transferable groups (T), 

ff including halides, OH, alkyl or aromatic groups which are optionally substituted, silane 

1=45 groups or siloxane groups. 

X is a functional group which can be selected from a halide, OH, H, N(R') 2 group 
where R' is hydrogen, an alkyl group or a substituted alkyl group, or a group containing -O- 
Si-. X can also be a transferable group. If R 1 , R 2 or X is a transferable group, it is preferred 
that it is the same group as T. The organosilicon reagent can contain up to three transferable 
20 groups substituted onto each Si in the reagent. Two of R 1 , R 2 and X can be covalently linked 
to each other to form a cyclic alkyl, substituted cyclic alkyl group or cyclic siloxane; T 
groups include olefinic aromatic, allylic, acetylenic, allenic, and alkyl groups that are in turn 
substituted with silane or siloxane groups. 

In specific embodiments, R 1 and R 2 groups are spectator groups that are alkyl groups: 
25 including straight-chain, branched and cyclic alkyl groups that are optionally substituted. 

Preferred alkyl groups are those that have from 1 to about 6 carbon atoms. Substituents for 
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alkyl R 1 and R 2 groups include, among others, halogens, R", COR", COOR", N(R") 2 , OR " 
groups (where R" is H, an alkyl group or an aromatic group), and SR where R is an alkyl 
group or an aromatic group, nitro groups, or nitrile groups. Substituents on R 1 and R 2 groups 
are preferably non-reactive under the conditions of the cross-coupling reaction and do not 
significantly interfere with the desired cross-coupling reaction. Reactive R 1 and R 2 groups 
may be protected using conventional protective groups. R 1 and R 2 may be covalently linked 
together to form cyclic moieties, e.g., 3- to 6-member rings. 

In other specific embodiments, one or both of R l and R 2 are silane or siloxane groups. 
Silane groups include, among others, -Si(R A R B Rc) groups where R A , R B , and 
independently are H, halide, or optionally substituted alkyl or aromatic groups. R A , R B , and 
Rc can also be any X or T groups. 

For X that are alkyl, olefinic, acetylenic, or aryl, preferred substituents are halides, 
OH, R COOR, OR (where R is alkyl or aromatic), nitro groups, or nitrile groups. For X that 
are OR or N(R) 2 groups preferred substituents on the R groups are halides. 

In a specific embodiment, R l and R 2 may together form a cyclic group: 

T 

R, 1 — s! X 

" R 2 
II 

where X is as defined above, but is preferably a halogen, particularly F or CI, OH, OR 
(where R is an optionally a substituted alkyl or aromatic group) or NRR' (where R or R\ 
independently, are H or an optionally substituted alkyl or aromatic group). In a more specific 
embodiment, R 1 and R 2 may together form a silacycloalkyl group, such as 




III 



where T and X are as defined above and r is an integer ranging from 1 to about 4. In 
preferred organosilanes of formula II-l, X is a halogen, particularly F or CI, OH, OR (where 



R is an optionally a substituted alkyl or aromatic group) and NRR' (where R or R', 
independently, are H or an optionally substituted alkyl or aromatic group). In preferred 
organosilanes, r is 1 (silylcyclobutanes), such as : 




where X is as defined above and R 4 ' 6 can be H, alkyl (linear, branched and cyclic), alkenyl, 
aromatic (aryl), heterocyclic, heteroaromatic any of which maybe substituted with Rs groups 
including halides, alkyls, alkoxy groups, OH, CN, N0 2 , among others. Two or more of R 4 " 6 
can be covalently linked. In formula H-3, Rs can be, among others, any electron withdrawing 
or electron donating groups. 

In another specific embodiment, R 1 and R 2 are alkyl groups or substituted alkyl 
groups having from 1 to about 20 carbon atoms, and preferably having from 1 to about 10 
carbon atoms, X is a halide and T is as defined above. Preferred halides are fluorine and 
chlorine. Preferred substituents for R 1 and R 2 alkyl groups are halides. In other specific 
embodiments, R 1 and R 2 are alkyl groups or substituted alkyl groups having from 1 to about 
20 carbon atoms, and preferably having from 1 to about 10 carbon atoms, T is as defined 
above and X is OH or H. 

Organosilicon reagents of this invention include silanols and silyl hydrides (where x is 
H or OH) and particularly silanols of formulas III-l : 




III-l 
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SI 
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as well as (a-alkoxyvinyl)silanols of formula III-2 and cyclic (a-alkoxyvinyl)silanols of 
formulas III-3 and III-4: 



,5 



(CH 2 )n y III-2 





OH 



(C(R') 2 )n 




III-4 



f*v where R 1 " 2 , R 4 " 6 are as defined above, R 7 is hydrogen, alkyl (linear, branched or cyclic) , 
U s 6 alkenyl, aromatic (aryl), heterocyclic, heteroaromatic any of which may be substituted with 
non-hydrogen substituents (Rs) and R' can be the same or different groups in the same 
compound and are selected from H, alkyl, alkenyl or aromatic each of which can be 
substituted with one or more non-hydrogen substituents Rs. R 5 or R 4 or both may be 
covalently linked to R 7 . In III-3, n is an integer which is preferably 2-4, inclusive. 

Organosilicon reagents can also be hydrides of formulas IV- 1, IV-2, IV-3 and IV-4: 





IV-1 IV-2 



(CH 2 )n 



.H 



(C(R') 2 > 




r 4 Si / n_. 

< X 2 R A 

R R J\ 
IV-3 R R 

rv-4 



.H 



2 
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where variables are defined as for compounds of Formula III-1-III-4 above. 

Organosilicon reagents of this invention can also be cyclic silyl ethers (compounds of 
Formula I in which T and X groups are covaiently linked. Exemplary cyclic silyl ethers 
include: 



R 1 R 2 




V-l 



where variables R 1 " 2 , R 4 " 6 are defined as above and may also be any Rs as above and n is zero 
or an integer, preferably n ranges from 0-3, inclusive, and more preferably n = 1 and 




V-2 

where variables R 1 " 2 , R 4 " 6 are defined as above and may also be any Rs as above and n is an 
integer, preferably n ranges from 1-4, inclusive and more preferably n = 1 or 2. In formulas 
V-l and V-2 ring positions other than those indicated may be substituted with R 4 " 6 groups or 
Rs. 

Organosilicon reagents of this invention also include siloxanes, such as those of 
formula I above where T is a transferably group and X, R 1 or R 2 are as defined above and at 
least one of X, R 1 or R 2 contains an -0-Si(R A R B )- group (where R A and R B , independently 
can be optionally substituted alkyl or aromatic groups or X functional groups). One or more 
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of X, R', R 2 , R A or R B can also be a transferable group. Useful siloxane reagents include 
linear (VI-L) branched (VI-B) or cyclic (VI-C) siloxanes, e.g., of formulas: 

I \ f A 
R 1 — Si— r-O — Sr 



■R 



■Rc 
R B -I n 



VI-L 



where R A .-Rc can be any of the R 1 , R 2 , X or T groups defined above and n is an integer 
greater than or equal to 1. R A and R B groups on different Si atoms may be the same or 
different. Any pair of R 1 , R 2 , R A , R B or Rc can be optionally covalently linked; 



-Si— O- 
I 



T 

I 

-Si- 

O 
I 



-O — Si- 



J m 



R B — Si— R A 
Rc 

VI-B 

where R A -Rc can be the same or different on different Si and can be any of the R 1 , R 2 , X or 
T groups defined above m, n and p are 0 or integers greater than or equal to 1 and two of m, n 
or p are 1 or more. Any pair of R A , R B and Rc groups can be optionally covalently linked; or 



T 

I 

-Sr 



O — Si- 
I 

Re 



O — Si — R 



VI-C 

where R A and R B can be the same or different on different Si and can be any of the R 1 , R 2 , X 
or T groups defined above and n is an integer greater than or equal to 1 . R A and R B and/or 
R 1 and R 2 groups are optionally covalently linked. 
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Linear siloxanes include disiloxanes, trisiloxanes and higher siloxanes and include 
siloxanes of formula: 

T r T , T 



■Sr 
I 

T 



-O— Sr 
I 

T 



-O — Si— T 
I 

n T 



VI-L-2 

where n is 0 or an integer greater than or equal to 1 and all T are the same transferable group, 
e.g., an olefin or aryl group or the linear siloxane: 

j" ^a(T) 
R 1 — Si O— Si R 2 



R- 



V-L-3 



where any or all of R 1 , R 2 and R A can be T. 
Branched siloxanes include: 



T R A T 
I I I 
R 1 Si O — Si O — Si— R 1 

---R 2 O R- 

I , 
T — Si — R 

I 2 /' 
R-- 

VI-B-2 

where all T are the same transferable group. The formula illustrates optionally covalent 
linkage of R 1 and R 2 groups on the same silicon atom. R 1 and R 2 groups from different 
silicon atoms can optionally be covalently linked as well. 



12 



Cyclic siloxanes include: 




VI-C-2 

where all of T are the same transferable group, m is an integer ranging from 1-4, which is 
preferably 1 or 2, and R A can be any of R 1 , R 2 , X or T groups as defined above. 

In another specific embodiment, the invention provides a method for making -C-C- 
bonds which employs a bis-silyl reagent of formula (VII-1): 



R 



R-t — Sr 



R-2"-., 

"Si R\ 

X 



R' 



VII-1 

where T is a transferable group or groups linked between two silicon atoms, n is an integer 
greater than or equal to 1, X, R 1 and R 2 are as defined above and may be the same or different 
on different Si atoms. R and R' are optional substituents on the T groups and can take any of 
the values of R 1 , R 2 or X. In preferred reagents of formula VII-1, X is OH, H, F or OR 
(where R is an alkyl or substituted alkyl groups). The product of the reaction employing 
reagent VII-1 contains two R 3 groups: 



R 1 — Sr 



-Si — R 



+2R 3 Y 



R J 



R 

T- 

R' 



J n 



R" 
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The transferable group is inserted between two R 3 groups. In preferred reagents of formula 
VII-1 T is an optionally substituted olefin and when n is 2 the transferable group is an 
optionally substituted diene. The transferable group may also be a non-conjugated diene or a 
group containing more than two double bonds. This type of organosilicon reagent is 
particularly useful for the synthesis of stilbenes. 

The invention also provides reagent kits which combine a selected organosilicon 
nucleophile of formula I (and all other formulas illustrated above) carrying a selected 
transferable group T with an activating agent A + Z" and optionally also contains a catalysts 
which maybe provided as a stable organic source of the Group 10 metal in combination with 
a selected ligand or mixture of ligands. Preferably, the catalyst and activating agent are 
selected to facilitate the cross- coupling of the organosilicon reagent included in the kit and 
may be optimized for use with a choice of organic electrophiles. The kit may further include 
instructions for carrying out the reaction. The kit may also provide appropriate solvent and/or 
an appropriate reaction vessel for carrying out the reaction. In preferred embodiments, kit of 
this invention comprise an organosilicon cross-coupling reagent that is a silacyclobutane, a 
siloxane (linear, cyclic or branched) or a bis-silyl compound. 

DETAILED DESCRIPTION OF THE INVENTION 

Definitions 

The term silane is used herein to refer to subsets of organosilicon cross-coupling 
reagents which can contain one or more silicon atoms, but do not contain -Si-O-Si- linkages. 
The term siloxanes is used to refer to subsets of organosilicon cross coupling reagents having 
one or more -Si-O-Si- linkages. 

The term aliphatic refers to groups that are saturated hydrocarbons and includes alkyl, 
substituted alkyl, and alicyclic (cyclic alkyl) groups. Alkyl groups include lower alkyl groups 
(having 1-6 carbon atoms), intermediate length alkyls (having 7-20 carbon atoms) and higher 
alkyl groups (having over 20 carbon atoms). Alkyl groups may be branched, straight-chain 
(linear) or cyclic. Cyclic alkyl groups can include cyclopropyl, cyclobutyl, cyclopentyl, or 
cyclohexyl groups, among others. Alkyl groups include those that have portions that are 
linear or branched combined with cyclic portions (e.g., methylcyclohexyl-). Alkyl groups 
include monocyclic species (e.g., cyclopropyl) as well as bicyclic groups (e.g., norbornyl). 
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The term aromatic (or aryl) is used generally herein to refer to groups that contain one 
or more aromatic rings which may be fused rings or non-fused rings or a combination of 
fused and non-fused rings. Aromatic rings can be 5- or 6-member rings. Aromatic groups 
include, among others, phenyl groups, substituted phenyl groups, naphthyl groups, substituted 
naphthyl groups, biphenyl groups, substituted biphenyl groups, phenanthrene and substituted 
phenanthrene groups. 

The term hetero aromatic is used generally herein to refer to groups that contain one or 
more aromatic rings containing one or more non-carbon ring atoms (e.g., N, S or O). 
Heteroaromatic rings can be 5- or 6-member rings and can include species that have more 
than one aromatic ring that may be fused or non-fused. Heteroaromatic groups include 
among others: pyrroles, furans, thiophenes, pyridine, diazines, pyrolidines, pyrimidines, 
quinolines, isoquinolines, indoles, benzofurans, benzothiophenes, each of which may be 
substituted. 

The term olefmic (or alkenyl) is used broadly herein to refer to organic groups 
having one or more double bonds, which may or may not be conjugated. Olefmic groups 
include, among others: R A R B -OC-R c - where R A ~ C can be various aliphatic, or aromatic 
groups with various substituents. For example, olefmic groups include R A R B -C=C-R C -, 
where R A ~ C independently, can be hydrogen, alkyl or aryl groups (which may be substituted) 
and particularly, include those where R A and R B are alkyl or aryl groups (which may be 
substituted) and R c is hydrogen. Alkenyl groups can include linear alkenes, branched 
alkenes or cyclic alkenes (e.g., cyclohexenyl). The term "diene" refers to groups that have 
two double bonds which maybe conjugated (e.g., -HC=CH-CH=CH-) or non-conjugated 
(e.g., -CH=CH-CH 2 -CH r CH=CH-). The term "polyenes" refers generally to any group that 
contains more than one double bond. Allylic species are groups having the structure R A R B - 
C=C-R C -CR D R E -, where R A " E can be various aliphatic, or aromatic groups with various 
substituents. Allylic species include R A R B C=CR C -CR D R E -, where R A " E , independently, are 
hydrogen, alkyl or aryl groups and particularly include groups where R A and R B are alkyl or 
aryl groups and R CE are hydrogens. Allenic species are groups having the structure: R A R B - 
C=C=C-R C -, where R AC can be various aliphatic or aromatic groups that may be substituted. 
Allenic groups include R A R B -C=C=C-R C -, where R A ' C , independently, are hydrogen, alkyl or 
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aryl groups and particularly the groups where R A and R B are alkyl or aryl groups and R C * E are 
hydrogens. 

The term alkynyl is used broadly herein to refer to organic groups having one or 
more triple bonds, which may or may not be conjugated. The term acetylenic refers to groups 
having the structure R A -OC- where R A can be a variety of alkyl, substituted alkyl, aryl or 
substituted aryl groups. A terminal alkyne has the structure R A - C = CH where R A can be 
various aliphatic or aromatic groups that may be substituted with one or more non-hydrogen 
substituents (Rs). 

The term substituent as used in reference to various groups (e.g., substituted alkyl or 
substituted aromatic) is used broadly herein to refer to the introduction of various non- 
hydrogen substituents (generally Rs) into the named group. A substituent can replace a H in a 
given named group, it may replace a -CH 2 - group in a straight-chain, branched or cyclic alkyl 
moiety, or it may replace a ring carbon in an aromatic or aryl compound. Preferred 
substituents include halides, CN-, N0 2 „ OH-, SH-, N(R) 2 groups where R is a hydrogen, an 
alkyl or aryl group, or a substituted alkyl or substituted aryl group; an SR group where R is an 
alkyl or aryl group, or a substituted alkyl or substituted aryl group; an acyl group, or an RO-, 
ROC0 2 - or RCO- group where R is an alkyl, aryl, substituted alkyl or substituted aryl group. 
For example, one or more non-neighboring -CH 2 - groups in any named group may be 
substituted with an -O- (to give an ether group), -S- (to give a thioether group) , NH or NR 
(where R is alkyl)( to give an amine group), -NH-CO- (to give an amide group), C=0 (to 
give a ketone group), and -0-C=0 (to give an ester group). 

Substituents are preferably non-reactive under the cross-coupling reaction conditions 
applied. However, reactive substituents can be accommodated if protected with protecting 
groups, as is known in the art. 

The reactions of this invention are conducted in a solvent. The solvent is preferably 
chosen to provide a substantially homogeneous reaction mixture to maintain reactants, 
activator and catalyst substantially in solution to facilitate reaction. Preferred solvents are 
polar aprotic solvents, including ethers, DMF, THF , CH 3 CN, TBME and mixtures thereof, 
which facilitate the cross-coupling reaction. 

Cross-coupling reaction can generally be carried out at temperatures ranging from 
sub-ambient to ambient to the temperature of refluxing solvent. It is preferred that the 



16 



reaction be carried out at the lowest temperature possible without cooling (most preferably at 
ambient room temperature) to minimize energy costs of reaction and to avoid unnecessary 
decomposition of reactants, catalyst or activator. 

As illustrated herein, reaction rates and yield of the desired product can be affected by 
the relative amounts of reagents and activator present in the reaction mixture. In general, in 
the cross-coupling reactions of this invention, the organosilicon nucleophile is preferably 
provided in excess (in molar equivalents) over the organic electrophile. The organosilicon 
nucleophile is preferably employed at more than 1 up to about 2 equivalents. A more 
preferred range for the organosilicon nucleophile is from about 1 to about 1.5 equivalents and 
a more preferred range is from about 1 . 1 to about 1 .2 equivalents. The activator, also in 
general, is preferably provided in excess over the organosilicon nucleophile, at a level of at 
least about 5% or more equivalents of the organosilicon nucleophile. As discussed below, it 
was found that the desired coupling reaction was significantly facilitated by the use of a larger 
excess of the activator. Thus, in preferred embodiments the activator is present in the 
reaction mixture at levels of 2 to 3 times (in equivalents) of that of the organosilicon 
nucleophile. A preferred range for the activator is from about 2 to about 4.5 equivalents 
(based on the organic electrophile). 

Reaction products can generally be isolated and purified by methods well-known in 
the art. It was found that the desired coupling reaction products, which were, in general, 
rather nonpolar, could be removed from siloxane by-products by initial silica gel plug 
filtration of the reaction mixture, followed by reversed-phase chromatography which was 
followed by distillation. Coupling reaction products that are solids may be further purified by 
recrystalization or other methods known in the art. 

Organosilicon nucleophiles of this invention can be readily prepared by methods 
illustrated herein or by routine modification or adaptation of those methods in view of what is 
generally known in the art and what is specifically described herein. A variety of 
organosilicon compounds suitable for use as nucleophiles in this invention are commercially 
available. 

A variety of organic electrophiles, catalysts, particularly Pd catalysts, ligands, and 
activator salts useful in the reactions of this invention are commercially available or readily 
synthesized using methods disclosed herein or that are well-known in the art. 
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As illustrated herein, reaction conditions can be readily optimized for a given 
organosilicon nucleophile, organic electrophile, activator, or catalyst in view of the teachings 
herein and what is generally known in the art. 

The invention also provides reagent kits which combine an organosilicon nucleophile 
of this invention with an activating agent and optionally also a catalyst. The kit may contain 
components in relative amounts optimal for carrying out a selected coupling reaction with the 
organosilicon reagent "provided in the kit. 
Alkenvlsilacvcloalkanes 

The methods of this invention that employ alkenylsilacycloakanes are illustrated by 
examining the coupling of (E)- and (Z)-l-(l-heptenyl)-l-methysilacyclobutane ((E)-21 and 
(Z)-21) with a variety of electrophiles. These substrates are readily prepared in high yield and 
geometrical purity (with the E/Z ratios determined by GC analysis, see below) as shown in 
Scheme 2. Because of the enhanced electrophilicity of 1-chloro-l-methylsilacyclobutane, the 
intermediate vinylalane obtained by hydroalumination of 1-heptyne reacted in good yield to 
afford (E)-21 in >99/l isomeric purity. The corresponding (Z)-21 isomer was prepared by 
adaptation of related literature procedures (14). Although 1-chloro-l-methylsilacyclobutane 
is commercially available (Gelest Inc. or Aldrich), it can be prepared in large quantities by 
Wurtz coupling of dichloro(3-chloropropyl)methylsilane (15, 16). 

First, a survey of many palladium catalysts showed a dramatic influence on reaction 
rate in the following order: Pd(dba) 2 ~Pd 2 -(dba) 3 > [allylPdCl], > Pd(OAc) 2 ~ Pd(OTf) 2 > 
(COD)PdBr 2 > (PhCN) 2 PdCl 2 ~ (Ph 3 P) 2 PdCl 2 ~ (Ph 3 P) 2 BnPdCl for alkenyl iodides. The order 
may be different for other reactants. 

Second, the nature and amount of the fluoride source was also found to be important. 
TBAF (tetrabutylammonium fluoride) was found to be effective with the 
alkenylsilacycloalkanes; however, neither (Me 2 N) 3 S + , Me 3 SiF 2 ' (TASF) nor KF gave coupling 
products in the reactions examined with these reagents. The corresponding TBA-OR (where 
R is alkyl, e.g., methyl) or related tetraalkylammonium fluorides or alkoxides can also be 
used with these nucleophiles. Also, the reactions displayed a strange rate profile. With 1 .5 
equiv of TBAF, initial rates were fast (nearly 80% conversion in 10 min, but the reactions 
required another 8-9 h to go to completion ( l H NMR analysis). Thus, by simply employing 
additional TBAF (e.g., 3 equiv.), the reactions proceeded rapidly to completion within 
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minutes. In view of the teachings herein, the amount of activating agent (e.g., TBAP, TMAF 

(tetramethylammonium fluoride) or tetraalkylammonium hydroxide or -alkoxide) can be 

readily optimized for a given cross-coupling reaction. 

Finally, the order of mixing of the reagents is important for achieving high yields and 

5 reproducible reactions. Specifically, premixing of the silacyclobutane and activating agent 

eliminated the formation of reduction by-products with many of the Pd catalysts. Thus, 

specifically for the silacyclobutane reagents, the preferred reaction protocol employs 1.1-1.2 

equiv of 21, 3.0 equiv of TBAP (1.0 M in THF as solvent), and 5 mol % Pd(dba) 2 . The 

reactions are preferably run at ambient (RT) temperatures. 

10 Stereoselectivity and synthetic generality of the process were investigated in coupling 

reactions of (E)- and (Z)-21 with aryl iodides (Table 1). For all substrates examined, the 

m reactions were highly stereospecific (see E/Z ratio). Moreover, both electron-deficient 

09 (entries 7 and 8) arenes and electron -rich (entries 9 and 10) arenes reacted rapidly and in high 

St- 
yl yield. To achieve such high yields of analytically pure materials, a purification protocol was 

: Jj5 needed to remove the siloxane by-products from the rather non-polar coupling products. 

s * Thus, the styrenes 22a-22e (where the identifiy of the Aryl group is listed in Table 1) were all 

CJ purified by silica gel plug filtration, C-18 reversed-phase chromatography (MeOH/H 2 0), and 

§1 

q distillation. 

JH Alkenyl halides are excellent partners in sp 2 /sp 2 couplings with 21. The results of Pd- 

N20 catalyzed coupling with alkenyl iodides and bromides under identical reaction conditions to 
give dienes 24 and 26 (minor amounts) are collected in Table 2. As in the alkenyl/aryl 
couplings these reactions were also highly stereospecific even for the production of (Z,Z)-24c 
(entry 7). The reactions proceeded smoothly at room temperature, though for (3- 
bromostyrene, [allylPdCl] 2 gave the best results. Moreover, the free OH' group in (E)- or (Z)- 
25 6-iodo-5-hexenol did not interfere with the coupling. In all cases a minor byproduct of cine 
substitution 26 was detected which presumably arose from a Heck type process previously 
documented in organoborane (3) /organostannane couplings (17). However, with a- 
bromostyrene (E)-28, (E)-21coupled in high yield to give (E)-30 and without a trace of the 
regioisomer (Scheme 3). 
30 Arvlsilacvcloalkanes 



Initial studies of the cross-coupling reaction of methyl-(phenyl)silacyclobutane with 
either aryl or alkenyl iodides gave no desired products under various conditions, including 
those optimized for alkenylsilacyclobutanes. The reactivity of the arylsilacyclobutanes was 
enhanced by introducing a heteroatom on the silicon. Chlorosilane 40 and fluorosilane 42 
were prepared in a straightforward fashion from dichlorosilacyclobutane (38) (available from 
Aldrich or Gelest Inc.), Scheme 4. 

Orienting experiments with 42 and iodobenzene revealed that under standard 
coupling conditions (TBAF/Pd(dba) 2 /THF/RT, see 18) 25% conversion could be obtained in 
48 hours. Screening different Pd sources identified [allylPdCl] 2 as the superior catalyst in 
terms of rate and amount of side reaction. With this catalyst, fluorosilane 42 was found to be 
more reactive than chlorosilane 40 and thus was used to optimize the other reaction variables. 

Careful investigation of the reaction between 42 and iodobenzene showed that 
homocoupling of both these substrates (to generate 45 or 46, for example) was a serious 
liability (entry 1, Table 3) (11,19). Where no ligand was added both possible homocoupling 
products 45 and 46 were observed. To facilitate the transmetallation and eliminate the cross- 
coupling, various additives were surveyed with ratio of ligand/palladium of 2.0. The 
additives examined (Table 3) cover a wide range of donor properties and steric bulk. While 
(o-tol) 3 P (entry 2), (C 6 F 5 ) 3 P (entry 3), and phosphite 48 (entry 9) suppressed the desired 
coupling, the other ligands such as tri(2-furyl)-phosphine (entry 4) and triphenylarsine (entry 
5) and the bulky ligands such as tri(ter/-butyl)phosphine (entry 6) (20) and 
tricyclohexylphosphine (entry 7) were effective in eliminating the homocoupling of 
arylsilanes and significantly suppressing the homocoupling of aryl iodides. Nevertheless, the 
desired cross-coupling was still rather sluggish. It was surprising that recently introduced 
ligand 47 (entry 8) did not inhibit the generation of 45 (21). 

To accelerate the cross-coupling process, the reaction temperature was increased to 
50°C. Again, a variety of ligands were surveyed, and the results are collected in Table 4. 
With the exception of P(C 6 F 5 ) 3 (entry 2) and DMPE (entry 5), all the other ligands allowed 
the reaction to be complete in 24 hours. As is evident from Table 5, the ligands have a 
dramatic effect on the generation of homocoupling product 45. Tri(tert-butyl)phosphine was 
the best ligand to suppress this side reaction; only 6% of 45 was produced (Table 4, entry 7). 
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To further reduce the amount of 45, the ligand/Pd ratio was examined with most 
effective additive tri(ter/-butyl)phosphine. As is apparent from Table 5, the more ligand 
added, the less 45 generated. However, the desired cross-coupling reaction was also retarded 
by the ligand. When the ligand/Pd ratio was over about 4.2, the reaction was not complete in 
22 hours. Thus, the preferred ratio of (ter/-Bu) 3 P/Pd is about 2.0 for the coupling of 
fluorosilane 42 with aryl iodides at 50 °C. 

Preliminary studies found fluorosilane 42 to be superior to chlorosilacyclobutane 40 in 
the cross-coupling reaction. Under the identical conditions noted above in Table 6 
(THF/50°C), the reaction with the chlorosilacyclobutane 40 was not complete within 22 
hours. By carrying out the reaction in refluxing THF, complete conversion could be observed 
within 16 hours (Table 6). However, at the elevated temperature, the amount of side product 
45 increased to 11% with a (r-Bu) 3 P/Pd ratio of 2.2. The amount of 45 can be reduced to less 
than 5% when the ratio of P<7-Bu) 3 /Pd is increased to 4.0. 

From the foregoing studies it is apparent that both chlorosilane 40 and fluorosilane 42 
are appropriate partners for the cross-coupling with aryl iodides. The fluorosilane is more 
reactive and can perform the coupling at slightly lower temperature and with less additive. 
On the other hand, the chlorosilane can be easily prepared in one step. 

Optimized conditions were established as follows for reaction of the chlorosilane 40: 
pre-treatment of 40 with TBAF (3.0 equiv), [allylPdCl] 2 (2.5 mol%) as catalyst, and tri(terf- 
butyl)phosphine (20 mol %) as ligand in refluxing THF. The reactions with a variety of aryl 
iodides bearing electron-withdrawing or -donating groups in the para, meta, or ortho positions 
were investigated to show the generality of the electrophilic component (Table 7). The 
desired unsymmetrical biaryls were obtained in good to excellent yields within several hours 
for all the aryl iodides tested. The mild reaction conditions are compatible with a wide range 
of functional groups including carbethoxy (entry 2), acetyl (entry 3), nitro (entry 4), and cyano 
(entry 5). It is noteworthy that even though the coupling is slightly slowed by ortho 
substituents, the reaction still goes to completion within three hours for both 2-nitrophenyl 
iodide (entry 11) and 2-methylphenyl iodide (entry 10). Also, heteroaromatic iodides such as 
3-iodopyridine (entry 12) are well-suited for the cross-coupling reaction. 

To investigate the effect of ortho substitution at the arylsilane, 
aryl(chloro)silacyclobutane 49 was synthesized and its reactivity was examined with several 
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aryl iodides (Table 8). Even though the reactions were slower than those with chlorosilane 
40, all the couplings with 49 give good yields of the corresponding biaryl compounds. 
Remarkably, sterically crowded 2-methyl-2'-nitrobiphenyl (entry 3) and 2,2'-dimethylbiphenyl 
(entry 4) can be prepared cleanly in 77% and 85% yields, respectively. 

Extensive reaction optimization revealed five important variables: (1) palladium 
source, (2) arylsilane, (3) additive, (4) ligand/Pd ratio, and (5) reaction temperature. The 
optimal conditions involve [allylPdCl], as catalyst and (f-Bu) 3 P as the additive. A heteroatom 
substituent on the silicon of arylsilacyclobutanes is important to enhance the reactivity. 

When fluorosilanes are employed, the reaction is preferably run at 50°C with a 
ligand/Pd ratio equal to about 2.0. If chlorosilanes are used, the reaction is preferably 
performed in refluxing THF with a ligand/Pd ratio of about 4.0. For the biaryl synthesis, 
these conditions are milder than the other palladium-catalyzed processes including the acyclic 
arylsilanes and the typical Stille and Suzuki reactions. 
Alkenvlsilanols 

To make direct comparisons to cross-coupling with alkenylsilacyclobutanes, the 
geometrically defined (l-heptenyl)dimethylsilanols (£)-50, and (Z)-50, and (1- 
heptenyl)di(isopropyl)silanol (E)-52 and (Z)-52 were chosen. These substrates are readily 
prepared following established procedures as outlined in Schemes 5 and 6 (22, 23). 
Treatment of (£)-l-bromo-l-heptene (24) with f-butyllithium, followed by the addition of 
hexamethyltrisiloxane resulted in the formation of (£)-50 in 74% yield. The corresponding 
Z-isomer was prepared in a similar manner from (Z)-l-iodo-l-heptene which upon treatment 
with «-butyllithium and hexamethyltrisiloxane afforded (Z)-50 in 68% yield. Silanols (E)- 
and (Z)-50 and (E)- and (Z)-52 were all obtained in geometrically pure form (>99%) as 
established by capillary CG analysis. 

To investigate the influence of the non-transferable groups on the silicon atom (and 
illustrate an alternative entry to the silanol precurors) di(isopropyl(silanols (E)-52 and (Z)-52 
(Scheme 6) were prepared. Catalytic (H 2 PtCl 6 ) hydrosilylation of 1-heptyne with 
chlorodi(isopropyl)silane followed by alkaline hydrolysis provided (£>52 in 78% yield (25). 
The stereoisomer (Z)-52, was produced by a high yielding four-step synthesis starting from 
(Z)-l-iodo- l-heptene. Lithium-iodide exchange with «-butyllithium, followed by the addition 
of chlorodi(isopropyl)silane formed the intermediate (l-heptenyl)di(isopropyl)silane in 95% 
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yield. Oxidation with chlorine (0.9 M solution in CC1 4 ), followed by mild hydrolysis 
produced (Z)-52 in 90% yield over two steps. 

The extensive optimization of reaction conditions (palladium catalyst, fluoride source, 
stoichiometry, solvent and temperature) already carried out in the context of the 
silacyclobutane coupling was the starting point for these studies. Accordingly, the silanol 
was first combined with tetrabutylammonium fluoride (TBAF) in THF for 10 min at room 
temperature, followed by the addition of the organic iodide and the palladium complex 
(Pd(dba) 2 ). The reactions were generally complete within 10-30 min (Table 9) to give the 
corresponding products 53(a-e). These conditions differ from those employed for 
silacyclobutanes only in the amount of TBAF added. It was shown that only two equiv. of a 
freshly prepared TBAF solution were sufficient to effectively promote the cross-coupling of 
silanols within 10 min. Further reduction in the amount of the TBAF, however, resulted in a 
decrease of the reaction rate and yield (cf entries 8 and 9 in Table 9). Activator is required 
however, as omission of TBAF from the reaction mixtures resulted in complete recovery of 
both the aryl iodide and the silanol. Although a basic/nucleophilic activator is essential, it 
need not be fluoride. Indeed, substitution of tetrabutylammonium fluoride with the 
corresponding hydroxide (as a 2.0 M solution in methanol) gave rise to comparable rate and 
yield for the coupling of (£>50 with naphthyl iodide (cf. entries 3 and 5, Table 9). However, 
the product is accompanied by 2.5% of the cine rearrangement product when TBA- 
OH/methanol is used. 

Removal of the silicon-containing byproducts and isolation of the styrenes was readily 
accomplished by a three step procedure, (1) filtration of the crude reaction mixture through a 
plug of silica gel; (2) column chromatography (silica gel or reverse phase CI 8); and (3) 
distillation. 

The experiments described in Table 9, clearly demonstrate that the influence of the 
different functional groups present on the aryl iodide is minimal. The rate and yield of the 
reactions are not affected by functional groups. The presence of electronically neutral (entries 
1-5), electron donating (entries 12 and 13) as well as electron withdrawing (entries 8 and 9) 
substituents is well tolerated. 

Rates and yields for the cross coupling of silacyclobutanes and dimethylsilanols were 
similar, but the selectivities obtained with the dimethylsilanols were slightly lower than those 
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observed with the silacyclobutanes; up to 5.5% of the geometrical isomer was observed, 
starting from a single, pure isomer of the (£)- and (Z)-52. The results summarized in Table 
10 show that the rates for the cross coupling are independent of the substituents on the silicon 
atom. The selectivity of the reaction is now comparable to the selectivity observed with 
silacyclobutane and substantially improved over the selectivity obtained with the 
dimethylsilanols (for example cf. Table 9, entries 1 and 2 and Table 10, entries 1 and 2). 
Moreover, when tetrabutylammonium hydroxide was used as the activator (cf. Table 9, entry 
5 and Table 10, entry 5) no cine rearrangement produce was observed. 

As was the case with alkenylsilacyclobutanes, silanols (£)-50 and (Z)-50 undergo 
rapid and stereospecific cross-coupling with alkenyl iodides as well. Under conditions 
identical to those employed previously, the vinyl iodides (£> and (Z)-6-iodo-5-hexenols 
reacted with the silanols to give conjugated dienes 54 in good yield (Table 1 1). The reactions 
were generally slower than the coupling reactions with aryl iodides. In all cases, the desired 
products were contaminated with a small and variable amount of an isomeric diene 55 which 
presumably arose from a cine rearrangement pathway (as was also observed previously). 
Stereospecificity, again, is similar to that obtained with aryl iodides, some loss in 
configurational homogeneity of the double bond arising from the silanol is observed, whereas 
the double bond originating from the iodide is not affected. In entry 5, up to 10% of the 
stereoisomeric (E,Z)-54 was formed, although, this compound maybe prone to isomerization, 
there is almost twice as much isomerization as with silacyclobutane. In this case a different 
palladium-catalyst [allylPdCl] 2 had to be used, as Pd(dba) 2 was not effective, and led to even 
more isomerization. When the methyl groups on the starting silanols were replaced with 
isopropyl groups (entries 2 and 6), the selectivities are again improved with respect to the 
ratios observed with silacyclobutane. 

There is a dramatic difference between the rate of coupling of the alkenylsilanols of 
this invention and those described recently by Hiyama (13). The reactions exemplified herein 
use different palladium sources and different activators. Hiyama employs Pd(PPh 3 ) 4 and 
silver(I) oxide in DMF solution. Phosphine ligands appear to inhibit the cross-coupling 
reaction. In contrast, the method of this invention with silanols uses activators which can be 
other basic and nucleophilic, such as F- or OH- sources, tetraalkylammonium fluoride or the 
corresponding hydroxide. Without wishing to be bound by any particular mechanism, it is 



24 



currently believed that there is an association between the silanol (silyloxide) and the 
palladium center prior to and facilitating the transmetallation event (27). Both types of 
activators (R 4 N + X" and Ag 2 0) are in principle capable of acting as bases to deprotonate the 
silanol and, thus, assisting in the association with the palladium intermediate. However, 
fluoride and hydroxide differ from Ag 2 0, because both fluoride and hydroxide can also act 
as nucleophiles to further promote the transmetallation by forming siliconate complexes. 
( q-AlkoxwinvDsilanols 

Scheme 7 A illustrates the general cross-coupling reaction of (a-Alkoxyvinyl)silanols 
with aryl electrophiles. The reaction illustrated has been investigated for both cyclic and 
linear vinyl ethers. 

Palladium-catalyzed cross-coupling of cyclic vinyl ether 61 with aryl iodides is 
exemplified in Table 12. 

1 . <-8uLi / THF / -78*C to 0°C f^O 

^ kA c -'° H 

2. {MeaSiOh/ -78>CtoO°C ^ Si 

68% Me ^8 

61 

Compound 61 was generated by metalation of 2H-3,4-dihydropyran with t-BuLi according to 
Soderquist's procedure (31) and subsequent reaction with hexameth-ylcyclotrisiloxane 
(32) resulted in the formation of [2-(5,6-dihydro-4H-pyranyl)]dimethylsilanol (61) in 68% 
yield. The optimization of the palladium(0)-catalyzed cross-coupling was guided by the 
previous studies with alkenylsilanols. 

Accordingly, silanol 61 was first combined with a 1.0 M solution of 
tetrabutylammonium fluoride (TBAF-3H 2 0, Fluka) in THF at room temperature, followed by 
the addition of the aryl iodide and the palladium complex (Pd-(dba) 2 ). The reactions were 
clean and generally complete within 10-20 min. However, as had been noted previously, 
difficulties were encountered in the purification step because (1) the polarity of the products 
was similar to the dba ligand and to the polysilicone byproducts and (2) the products were 
found to be particularly labile in air and on chromatographic media. Moreover, reverse-phase 
(C-18) silica chromatography was either not efficient or led to partial decomposition of the 
-products if long gradient elutions were used. By using rapid silica gel column 
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chromatography, the polysilicone byproducts could be separated, but the product was always 
contaminated with dba. By the simple expedient of replacing the Pd(dba)2 catalyst with 
[allylPdCl] 2 , the cross coupling products 62 (Table 12) were obtained in an analytically pure 
form. 

The scope of the cross-coupling reaction of 61 was further investigated with aryl 
iodides bearing electron-withdrawing or electron-donating groups in para, meta, or ortho 
positions (Table 12). For all aryl iodides examined, the reaction proved to be fast and high 
yielding. Several features of the reaction are noteworthy: (1) electron-withdrawing or- 
donating groups exhibit similar reactivity (entries 4 and 6), (2) the steric effect of ortho 
substituents is minimal (cf. entries 1 and 4-7) except in the case of the 2-carbomethoxy group 
(entry 3) where chelation between the carbonyl moiety and the palladium may slow the 
reductive elimination step, (3) the reaction tolerates diverse functionalities such as ester, 
nitro, cyano (vide infra), ether, and even hydroxyl. The mild reaction conditions and 
uniformly high yields compare favorably with other methods to produce these compounds. 

The cross-coupling of 61 with an alkenyl electrophile, ethyl (E)-3-iodoacrylate, to 
give cross-coupling product 63 was also examined: 



k^ si - 0H 1 . TBAF 



61 




2. [allylPdClfe C0 2 Et 
+ (2.5 mol %) 

'-^CO ? Et 81% 63 



The reaction rate and yield were comparable to that obtained with aryl iodides, and after 2 h, 
63 could be isolated in 81% yield after A1 2 0 3 chromatography. The corresponding (Z)-3- 
iodoacrylate suffered decomposition under the reaction conditions and did not lead to 
coupling. 

Following the successful coupling of silanol 61, the use of (1- 
butoxyvinyl)dimethylsilanol and [2-(4,5-dihydrofuranyl)] dimethylsilanol were then 
considered. However, the sequence established for the synthesis of 61 (lithiation of the vinyl 
group and subsequent quenching) did not provide the silanols cleanly. 
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Previous experience with handling silanols suggested that increasing the bulk of the 
silicon substituent could make the products more tractable. Since 

hexaisopropylcyclotrisiloxane is not commercially available, an alternative procedure that 
involves (1) lithiation of the vinyl ether, (2) addition to chlorodiisopropylsilane (to form the 
intermediate silyl hydride), (3) oxidation of the hydridosilane with chlorine to form the 
chlorosilane, and (4) alkaline hydrolysis to produce the silanol can be employed to prepare 
silanols usefiil in the cross-coupling reactions herein. 
Cyclic silvl siloxanes 

The cyclic silyl siloxane 74 was prepared by ring-closing metathesis (RCM) using the 
molybdenum carbene complex 72 [(CF 3 ) 2 MeCO] 2 Mo(=CHCMe 2 Ph)(=NC 6 H 3 -2,6-i-Pr 2 ) 
developed by Schrock et al.(33) : 



MS; Me Me >A=» 

..-ChO n, 1.5 h, (35%! p bemsm \ |j 



Optimization of the Pd(0)-catalyzed coupling with siloxane 74 and 4- 
iodoacetophenone employed the conditions developed with alkenyl silanols. Thus, siloxane 
74 was combined with a 1.0 M THF solution of tetrabutylammonium fluoride (TBAF*3H 2 0) 
at room temperature, followed by the addition of 4-iodoacetophenone and 5 mol % of 
Pd(dba) 2 , sequentially. The reaction proceeded cleanly to completion in only 10 min. 
Decreasing the loading of Pd(dba) 2 only marginally affected the rate of the coupling process. 
However, with a lower catalyst loading (1.0 mol %) or less TBAF (1.0 equiv) the reaction did 
not go to completion and a significant amount of 4-iodoacetophenone was recovered. 

With suitable conditions for the cross-coupling processing in hand, the reaction was 
examined with various aryl iodides. Scheme B illustrates the reaction of cyclic siloxanes with 
aryl iodides. Both the nature and position of substituents on the aromatic ring were studied. 
The results compiled in Table 13 reveal high compatibility with the common functional 
groups tested. For all aryl iodides examined, the reaction gave uniformly high yields. 
Noteworthy features of this process include the following: (1) electron-withdrawing or 
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electron-donating groups exhibit similar reactivity (entries 1 and 2), (2) the steric effect of 
ortho-substituents is minimal (entry 4) except in the cases where a possible chelation between 
the substituent and the palladium may slow the reductive elimination step (entries 5-7), (3) 
the reaction tolerates diverse functional groups such as ester, ether, nitro, and even free 
hydroxy group, and (4) the reactions of all iodides were stereospecific. 

The cross-coupling of 74 was also successful with (E)-2-bromostyrene. The reaction 
rate and yield were slightly lower than that obtained with aryl iodides. With 2.5 mol % of 
[allylPdCl] 2 as the catalyst, the coupling product could be isolated in 78% yield after 5 hr. 

The influence of ring size on the cross-coupling reactin was examined. A variety of 
aryl iodides bearing various functional groups was selected to expand the utility of this 
transformation. The results collected in Table 14 reveal that (1) the different sizes of cyclic 
alkenyl silanes exhibit similar reactivity in the coupling reaction (entries 1 and 4) and (2) 
substitution on the p-trans-position of the silyl group did not affect the reactivity significantly 
(entry 2). The a-substituted alkenyl silane 76c did undergo the coupling process; however, a 
significantly reduced reaction rate compared to the related silanes was observed. Moreover, 
the reaction mixture contained a substantial amount of self-coupling product of ethyl 3- 
iodobenzoate. The use of additives or slightly elevated temperatures did not improve the 
results. Fortunately, the addition of the iodide in portions satisfactorily suppressed the 
formation of the self-coupling product. 

Moreover, increasing the loading and portionwise addition of the Pd(0) complex also 
provided complete conversion and kept the palladium from precipitating in this slow coupling 
reaction. A comparison between these results and those described above reveals that 
monosubstitution of alkenyl silanes (silacyclobutanes and silanols) in either the a- or 
p-position does not effect the rate of the cross-coupling process significantly. The 
disubstituted alkenyl silanes, including cyclic siloxanes, and silyl hydrides are also very 
reactive in the coupling process except in the case of the substitution on both of the a- and p- 
cis-positions, for example, 76c. The steric influence may slow the coupling reaction and 
allow a competitive homocoupling of the aryl iodides to intervene. 

The cyclic siloxane 78 was formed by intramolecular hydrosilyation as will be 
discussed below. 
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78 

Siloxane 78 was dissolved in 2.0 equiv of a 1.0 M solution of TBAF in THF, followed by the 
addition of iodobenzene and 5 mol % of Pd(dba) 2 . The siloxane did undergo the coupling 
process, however, at a significantly reduced reaction rate compared to the related silanols. 
Moreover, the reaction mixture was contaminated with a substantial amount of biphenyl (the 
product of self-coupling of iodobenzene), and thus the yield of the cross-coupling product 
was attenuated. The addition of various ligands or decreasing the amount of Pd(0) did not 
meaningfully improve the results. It was found, however, that adding the iodide in portions 
satisfactorily suppressed the formation of biphenyl and correspondingly improved the 
yield of the desired coupling product. The portionwise addition of the iodide proved to be 
effective in reducing the amount of homocoupling by-product in most cases. For a few, 
very slow reacting substrates, even this expedient was not helpful. 

With a reproducible procedure in hand, the scope of the reaction with regard to the 
nature and position of substituents on the aromatic ring was explored The results compiled in 
Table 15 reveal good compatibility with all common functional groups tested (ester, ketone, 
nitro, alcohol, nitrile, ether). For all aryl iodides examined, the reaction proved to be mild and 
high yielding except in the case of 2-nitroiodobenzene (entry 4) which was very slow and 
gave a substantial amount of nitrobenzene as a by-product. Noteworthy features of this 
process are that (1) electron-withdrawing or electron-donating groups exhibit similar 
reactivity, (2) ortho substituents on the aryl iodide do not affect the reactivity significantly, (3) 
the reaction tolerates diverse functional groups such as ester, nitro, cyano, ether, and even free 
hydroxy group, and (4) the reactions of all halides were stereospecific, with the exception of 
4-nitroiodobenzene and 1-iodonaphthalene, which gave a small amount of the geometrical 
isomer. 
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This variant of the coupling reaction is not limited to benzene derivatives. For 
instance, 1-iodonaphthalene, l-bromo-4-tert-butyl-l-cyclohexene (an unactivated vinyl 
bromide), and 3-iodopyridine reacted with 78 to give the expected products 79k, 791, and 
79m, respectively, in reasonable to good yield: 
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The optimization of this process next turned to the investigation of the importance of 
the silicon substituents. It was of interest to see whether and how the size of the substituents 
on the silicon would affect the rate and selectivity of the reaction. Additional benefits such as 
improved mass efficiency and ease of by-product removal could be realized with a smaller 
group in place of an isopropyl group. We thus focused our attention on the corresponding 
dimethylsiloxane. 

However, the synthesis of the siloxanes was problematic. The intramolecular 
hydrosilylation of dimethylsilyiethers with dhloroplatinic acid resulted in polymeric materials. 
Though the platinum(0)-l,3-divinyl-l 5 l ? 3,3-tetramethyldisiloxane complex (Pt(DVDS)) gave 
clean in-tramolecular hydrosilylation, any attempts to obtain the siloxane in a pure state or to 
scale-up the preparation of the siloxane led to oligomerization. 
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A practical solution to this problem was conceived in the form of a one-pot protocol 
that would (1) obviate the need to isolate and purify the delicate silyl ether and siloxane and 
(2) improve the overall efficiency of the process. Thus, to streamline the procedure and 
minimize the formation of potentially deleterious by-products, tetramethyldisilazanem 
(TMDS) was employed as the silylating agent. The one-pot process is discussed below. 
Silvl Hydrides 

Silyl hydrides are useful precursors for cross-coupling, particularly in those cases 
where the hydroxyl functionality would not be tolerated. Scheme 7B illustrates the reactions 
of silyl hydrides with aryliodides. Silyl hydrides were prepared as exemplified for hydrides 
84-86: 
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Subjecting the hydridosilane 84 and 2-iodo toluene to the reaction protocol optimized 
with silanols gave rise to only a small amount of coupling product along with l,5-diphenyl-3- 
pentanone from reduction of dba. The evolution of a gas when the silane was mixed with ' 
TBAF suggested that the silyl hydride was being hydrolyzes. It is well-known that hydrolysis 
or alcoholysis of silyl hydrides can be catalyzed by fluoride ion at room temperature to 
liberate hydrogen gas. Thus, it appeared that the coupling product observed could be the 
result of silanol generated in situ from the silyl hydride. 

The reaction protocol was slightly modified to examine whether or not in situ 
generation of the silanol from the silyl hydride could be used to obtain cross-coupling. Thus, 
the silyl hydride was first combined with TBAF (the activator) for 1-20 min. at room 
temperature until no further gas evolution was observed at which point the organic iodide and 
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palladium catalyst were added sequentially to the reaction mixture. Using this revised 
method cross-coupling products as listed in Table 16 were prepared. 

Attempted reaction of the silyl hydride 86 under these conditions failed. It appears 
that silyl hydride 86 suffered rapid protiodesilylation in the presence of TBAF releasing 
dihydrofuran. Replacement of TBAF with tetrabutylammonium hydroxide (3.0 equiv.) in 
methanol allowed the coupling of 86 with the aryl iodide to proceed smoothly in reasonable 
yield (Table 16) entry 6. 
Siloxanes 

A wide variety of siloxanes is available in the art, either through well-known methods 
of synthesis or from commercial sources (see, for example, Gelest, Inc, Tullytown, PA), 
including siloxanes with one or more substituents that are T groups as defined herein, e.g., 
vinyl-, allyl-, and aryl-substituted siloxanes. Siloxanes have been found to be useful 
organosilicon nucleophiles for the cross-coupling reaction of this invention. Scheme 9 
generally illustrates the reactions of siloxanes with aryl iodides. The siloxane reagents 
contain at least one transferable group (T), but typically contain a plurality of transferable 



Table 17 lists several exemplary cross-coupling reactions of vinyl-substituted 
siloxanes, e.g., two cyclic (92, 93), branched (94) and linear siloxane (95). Cross-coupling to 
form product 97 by reaction of 4-iodoacetophenone 96 with the cyclic and the branched 
siloxane in the presence of Pd(dba) 2 and TBAF (in THF) was substantially complete within 
about 10 minutes. The linear siloxane was found to be less reactive under the same 
conditions, where about 91% conversion to product was observed after 8 hours. 



For orienting experiments, 4-iodoacetophenone (96)was chosen to test the coupling of 
vinylpolysiloxanes using reaction conditions employed previously with minimum 



groups. 
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modification (5 mol% Pd(dba) 2 , two equivalents tetrabutylammonium fluoride (1.0 M in 
THF, room temperature). The established stoichiometry of transferable vinyl group to iodide 
was maintained at 1.2:1, thus the molar equivalents of each precursor was divided by the 
number of available vinyl groups. Silanes 92, 93 and 94 underwent rapid coupling. In all of 
5 these cases, the starting iodide was completely consumed at room temperature within 10 min 
to afford the product 97 in 88, 85 and 89% yields, respectively. 

The coupling reaction of 95, however, did not proceed to completion. The initial rate 
of coupling, however, was not slow (78% conversion at 10 min). Even by extending the 
reaction time to 5 h, the reaction did not go to completion. Further increasing the loading of 
10 reagent 95 to 1.5:6 equivalents and also increasing the amount of TBAF to three equivalents 
gave 93% conversion at 10 min (entry 6), but the progress of the reaction once again stalled. 

^; A 2.0 mmol scale descriptive run under these conditions afforded the coupling product in low 

yy ■ 

CO yield (53%). From these results it is clear that vinylation precursors 92, 93 or 94 could each 

II] be employed for this transformation. 

2\ 5 On the basis of cost and efficiency of vinyl transfer, the vinylpolysiloxane 92 was 

S * chosen for further examination of scope of the coupling reaction with a number of different 

O aryl and alkenyl iodides. The results are collected in Table 18. As had been previously 

observed, the coupling reaction between 92 and electron poor iodides (4-iodoacetophenone 
2? 96, ethyl 4-iodobenzoate 98 and 3-iodonitrobenzene 102) proceeded smoothly to afford the 

M20 corresponding products in high yields. When the loading of Pd(dba) 2 was decreased to 1 
mol%, the reaction of 92 with 98 was also complete in 1 h to afford the product in 
comparable yield (83%). In all these experiments, the catalyst was added last which caused a 
significant exotherm (up to 55°C on a 2 mmol scale) for the fast acting substrates (5, 7, 11). A 
modified procedure in which a solution of 96 was added last such that the temperature was 
25 maintained at <30°C, gave comparable results in the same time period (entry 2). 

From foregoing studies on the coupling with electron-rich iodides, it is not surprising 
that the reaction of 4-iodoanisole with 92 was very sluggish under the same conditions. 
Although 100 was consumed after 4 h under the standard conditions (with three equivalents 
of TBAF), the isolated yield was quite low 46% (entry 4) and 15% of the corresponding Heck 
30 reaction product ((E)-4,4'-dimethoxystilbene) was also isolated. In the cross coupling with 1- 
methyl-l-vinylsilacy-clobutane, the Heck reaction by-products were primarily observed with 
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100 and 110. In those cases, the intervention of the stilbene by-products was suppressed 
simply by increasing the amount of one to 1.2 and 1.5 equivalents, respectively. In this 
system, however, it seems that the Heck reaction is more competitive since a trace of stilbene 
was observed in the coupling reaction of 92 with 98 as well as with 100 and 110 (entries 2, 
3). Moreover, in the coupling reaction of 100 and 110, increasing the amount of 92 was not 
effective in suppressing the side reaction. The yields of the desired products improved upon 
addition of 10 mol% Ph 3 As (entry 5) although Heck product was still observed. Nevertheless, 
this material can be easily separated from the product by chromatography. The use of Ph 3 As 
was beneficial for most of the slower coupling substrates. This allowed for the solubilization 
of the palladium (0) through many catalytic cycles. 

The effect of sterically demanding substituents observed in the coupling of 1-methyl- 
1-vinylsilacyclobutane was also seen in reactions with 92. Thus, reaction of 92 with 2- 
iodoanisole 105 was extremely sluggish compared with that of 4-iodoanisole 100 (6 vs. 24 h 
for completion). The importance of steric effects was apparent in the reaction of methyl 2- 
iodobenzoate 108, an electron poor iodide, which required 8 h to go to completion (entry 9, in 
the presence of 10 mol% Ph 3 As) compared with just 10 min for the para-isomer 98 (entry 
2). The compatibility of a free hydroxyl functional group was demonstrated in the successful 
coupling of 3-iodobenzyl alcohol (entry 7) at a reasonable rate and in good yield. 

Finally, we also examined the coupling of vinylpolysiloxane 92 with (Z)-6-iodo-5- 
hexen-l-ol 112. Although the reaction was sluggish, it proceeded to completion in 24 h to ... 
give the diene 113 in 52% yield. The process was stereospecific as established by GC-MS 
analysis. The compatibility with the free hydroxyl group is also noted. 

92 1.2/4 equiv 
TBAF (2.0 equiv) ^) 

Pd(dba) 2 (5.0 moi%) 
THF/rt 

112 (GZ6/94) 52% 113 (©Z.6/94) 

Siloxanes such as 92, 93 and 94 are effective vinylation reagents of aryl and alkenyl 
iodides under mild condition in the presence of TBAF (two equivalents) and Pd(dba) 2 . In 
view of the mildness and generality of the transformation along with the cost and non-toxic 
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nature of the silicon reagents and by-products, this procedure should become the reaction of 
choice for large scale and laboratory preparations. 



35 



Bis-silvlethenes 

It was found that bis-silylethenes were useful reagents in the cross-coupling reaction 
of this invention and were of particular use for the synthesis of stilbenes on reaction with aryl 
electrophiles. Bis-silylethenes contain the moiety "Si-OC-Si." Scheme 10 illustrates cross- 
coupling reactions of bis-silylethenes with aryl iodides. 

More specifically, l,2-bis(dimethylethoxysilyl)ethene (126, 0.5 equiv) reacted with 
ethyl 4-iodobenzoate (1 equiv) in the presence of Pd(dba) 2 (0.05 equiv) and TBAF (2 equiv ) 
in THF to give the cross-coupling product diethylstilbene-4,4'-dicarboxylate (127) (RT/9.5 h, 
yield 94% conversion): 



In this case, the transferable group is linked between two silicon atoms in the reagent 
and ultimately is coupled to two acceptor groups. A bis-silyl reagent is generalized in 
formula 130. Useful bis-silyl cross-coupling reagents also include those of the formula 131. 
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where X, R', R 2 are defined above and R A and R B can be any olefin substituent noted above 
which -represents a bis-silyl reagent with monoolefin or conjugated olefin T group; and 

X 

R 1 Si- 
PR 2 

131 

where X, R\ R 2 , are defined above, n is an integer equal to or greater than 1 (typically less 
than about 6) and R A and R B can be any olefin substituent noted above and R and R' are any 
alkyl substituentsnoted above which represents a bis-silyl reagent with a non-conjugated 
diene T group. 

The bis-silyl reagents (e.g., species containing the Si-T-Si moiety) are particularly 
suitable for linking T groups that are olefins, substituted olefins, dienes, substituted dienes 
(conjugated or non-conjugated), polyenes and substituted polyenes (conjugated and non- 
conjugated) between two aryl groups. Table 19 illustrates the results of several reactions of 
aryl and or olefinic acceptors using the l,2-bis(dimethylethoxysilyl)ethene reagent 126 where 
reaction conditions are listed in the Table footnotes. 
Fluoride-Free Cross Coupling Reactions 

One serious limitation in the use of a fluoride source as the activator of the cross- 
coupling reaction is that this agent precludes employment of this reaction in syntheses where 
either of the coupling substrates contains silyl protective groups. A non-fluoride-activated, 
organosilicon cross-coupling using inexpensive commercially available reagents has been 
developed which overcomes this limitation and further expands the utility of the cross- 
coupling reactions of this invention. 

The results of a survey of bases and solvents using (l-heptenyl)dimethylsilanol (E)-21 
and 1- iodonaphthalene are collected in Table 20. Whereas the lithium silyloxide was 
unreactive, the sodium salt, generated with NaH in THF clearly manifested the feasibility of 
this new process (entries 1-4). 2.0 equiv of base was needed for complete conversion, which 
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was then used throughout. The reaction is considerably faster in DMF and DME. Other 
sodium bases (i.e., NaOt-Bu) were less effective promoters. The use of potassium hydride 
had a dramatic effect on the rate giving complete conversion within 15 in DME. Finally, 
potassium tert-butoxide was also able to promote the reaction and gave the highest yield 
despite having the lowest rate of coupling. Weaker bases, such as K 2 C0 3 and K 3 P0 4 were 
ineffective. In all cases examined the reaction was shown to be highly stereospecific. Shceme 
1 1 illustrates reaction of vinyl silanols with aryl iodides in the presence of bases such as 
hydride. 

Application of the optimal reaction conditions to the coupling of (Z)-21 with 1- 
iodonaphthalene gave rapid cross-coupling but in markedly lower yields, Table 21, entry 1. 
The remainder of the mass balance was identified as naphthalene, presumably arising from 
the formation of a palladium hydride species from the excess KH. Although the formation of 
naphthalene could be suppressed by the use of KOt-Bu, the reaction rate with this base was 
far too low to be synthetically viable. Apparently, KOt-Bu is able to compete with the 
silyloxide for the palladium center thus serving as a competitive inhibitor. From this 
observation, it appears that the ideal base need only be strong enough to produce a 
measurable equilibrium concentration of the silyloxide, and not be a competitive inhibitor. 
Logically, the first choice would be another silyloxide, such as the soluble agent KOSiMe 3 . 
2.0 equiv of this mild base can effect the cross-coupling at room temperature, in excellent 
yield, with stereospecificity and without reduction by-products (albeit more slowly than KH). 
Neither increasing nor decreasing the amount of KOSiMe 3 improved the rate of the coupling. 

The scope of this new, fluoride-free coupling process was examined under the optimal 
conditions of 2.0 equiv of KOSiMe 3 in DME at room temperature. The results in Table 22 
illustrate that cross-coupling products were obtained in excellent yields with reasonable rates. 
High stereospecificities and good yields were obtained in the coupling of (E)-21 and (Z)-21 
to 1-iodonaphthalene and iodobenzene. In addition, both electron rich (entries 7 and 8) and 
electron deficient (entries 5-6 and 9-12) arenes couple quite well, although with varying rates. 
In general, electron deficient electrophiles couple most rapidly, except 4-iodo-acetophenone. 
Apparently, the presence of a moderately acidic proton in the substrate has a detrimental 
effect on the rate of coupling, although the yields were still high and no other by-products 
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were observed. In contrast to the fluoride-activated couplings of silanols, the rates of coupling 
with (Z)-21 were significantly lower than those with (E)-21 . 

The synthetic potential of this new method is clearly demonstrated by the 
compatibility of a silyl protective group as shown in entries 13-14. The coupling reaction 
occurs cleanly in the presence of a TBS protected alcohol on the aryl iodide, 154g, without 
any observable deprotection. 
One-Pot Hvdrosilvation/Cross-coupling 

Scheme 1 illustrates the hydrosilyation of terminal alkynes combined with cross- 
coupling reactions of this invention. A one-pot protocol was developed to carry out this 
reaction. 

The initial development of a one-pot protocol focused on the Pt-catalyzed 
hydrosilylation event. To optimize the hydrosilylation, the reaction of 1-heptyne with 
diisopropylchlorosilane was studied and the results were evaluated by directly carrying out 
the Pd-catalyzed cross-coupling (THF, 1.0M TBAF (2 equiv.), Pd(dba) 2 (5mol%), RT, 10 
min.) with 1-iodonaphthalene. Hydrosilylation of 1-heptyne with diisopropylchlorosilane in 
the presence of H 2 PtCl 6 (<0.1 mol %) at 50 °C for 30 min, followed by treatment with TBAF, 
Pd(dba) 2 , and 1-iodonaphthalene gave incomplete coupling (70-80% conversion). No other 
isomeric, cross-coupling products ((Z)-169a or 170a) were observed by GC analysis. 
However, all attempts to improve the conversion failed. Consequently, a survey was 
performed to screen other silane sources and Pt catalysts for their activity and 
stereoselectivity in this transformation. Orienting experiments revealed that the regio- and 
stereoselectivity was strongly affected by the structure of silane. In the presence of Speier's 
catalyst, tetramethyldisiloxane, tetramethylcyclotetrasilioxane, and methyldiethoxysilane can 
participate in the hydrosilylation/cross-coupling reaction smoothly as evidenced by the 
complete consumption of 1-iodo naphthalene after 10 min. However, a small amount of the 
isomer 170a (12-16%) resulting from regio-reversed hydrosilylation was observed. To 
improve the hydrosilylation regioselectivity, tetraisopropyldisiloxane was used, but only a 
trace of cross-coupling product was observed even after extended reaction time or elevated 
reaction temperatures. Diethylethoxysilane was then examined as a compromise reactivity 
and selectivity. Surprisingly, this silane gave the poorest results; the regioselectivity was 
worse than with the methylsilanes, and the conversion was below about 60%. 
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The next stage of optimization involved the examination of these silanes with other 
platinum catalysts to improve the rate and/or regioselectivity. The organic soluble complex 
Pt(0)-l,3-divinyl-l,l,3,3-tetramethyldisiloxane (Pt(DVDS)) gave results comparable to those 
obtained with Speier's catalyst. However, the t-Bu 3 P-modified Pt(DVDS) complex gave 
significantly improved results. The hydrosilylation with both 162 and 163 was complete 
within 30 min at room temperature in the presence of t-Bu 3 P-Pt(DVDS), and the subsequent 
coupling reaction with 1 -iodo naphthalene was complete in 1 0 min at room temperature. 
Moreover, with 162 the coupling product contained only 2% of the regioisomer 170. 

With an optimized procedure for the hydrosilylation/cross-coupling reaction in hand, a 
variety of iodides bearing various functional groups and substitution patterns were selected to 
define the scope of the one-pot process. The results presented Table 23 reveal that the rate, 
yield, and selectivity of this protocol correspond well to those features of the previous cross- 
coupling reactions of isolated silanols. For example, both electron-rich (entries 3, 4, 7, and 9) 
and electron-poor (entries 2, 5, 6, and 8) iodides underwent the coupling smoothly to give the 
desired product in high yield and excellent stereoselectivity. 

The position and nature of substituents had little effect for most iodides (cf. entries 3 
and 9). However, the rate of coupling of 168f was very slow and stalled as has been noted 
previously. This problem was resolved by adding 10 mol % of AsPh 3 . The coupling of 168h 
also proceeded smoothly to give desired product in reasonable yield, although some loss of 
specificity was observed. Further, 168i also showed good results when [allylPdCl] 2 was used, 
but the specificity again was lower than with aryl halides. The origin of the erosion in 
stereospecificity is not understood at this time. As found in previous studies, it was possible 
to reduce the loading of the Pd catalyst for the coupling of electron-poor iodides, e.g., 168d. 
In the presence of 1 mol % of Pd(dba) 2 the coupling product 169d was produced in 89% yield 
by extending the reaction time to 60 min with comparable selectivities (cf. entries 5 and 6). 
The standard reaction protocol developed in earlier studies for the cross-coupling calls for the 
addition of the palladium catalyst last (procedure I). For reactive electrophiles such as 
electron-deficient aryl iodides, the reaction becomes rather exothermic. This potential 
problem can be solved by simply changing the addition sequence such that TBAF and 
Pd(dba) 2 were added to the hydrosilylation mixture first. The heat of reaction is then 
modulated by the slow addition of the iodide such that the internal temperature does not 
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exceed 30°C (procedure n). The one-pot coupling of 168c gave 169c in 89% yield by using 
this modified procedure (cf. entries 3 and 4). The overall process displays good generality 
and functional compatibility with regard to the alkyne component as well, Table 24. 

A number of alkynes were evaluated with typical electron-poor (168b) and electron- 
rich (168c) substrates. The alkyne diversity is represented by aromatic (171), linear aliphatic 
(172), and branched aliphatic (173) types. In addition,we included unprotected alcohol 
functions (12 and 173) and a remote double bond (174). The coupling reaction of 171 
proceeded smoothly to give products in high yield, and no regioisomer was detected by GC 
analysis. Furthermore, those alkynes that contain free hydroxy groups underwent facile, 
highly stereoselective coupling though the latter required a longer reaction time. The coupling 
of 174 also gave exceptional results. The double bond did not compete with the alkyne in the 
hydrosilylation, and no Heck reaction products were observed. However, some Sonogashira 
coupling of the alkyne was observed when the ratio of 162 tol74 was 0.65 /1.5 equiv. The by- 
product can be eliminated by increasing the 162/174 ratio to 0.98/1.5 and also extending the 
reaction time to 60 min. 

In summary, an efficient hydrosilylation system uses inexpensive, nontoxic silicon 
reagents and soluble Pt catalyst. The in situ generated disiloxanes then undergo a Pd- 
catalyzed, cross-coupling for the mild, one-pot hydrpcarbation of 1 -alkynes. This method is 
characterized by good generality, functional group compatibility, and stereoselectivity. 
Ring-Closing Metathesis Combined with Cross-Coupling of th is Invention 

Cross-coupling reactions of the five-, six- and seven-membered cycloakenylsiloxane 
(74 and 76) are summarized in Tables 13 and 14 above. These siloxanes carry substituents on 
both alkenyl carbons and cross-coupling reaction with aryl iodides results in stereocontrolled 
synthesis of highly substituted unsaturated alcohols. The starting siloxanes 74 and 76 were 
prepared by ring closing metathesis of alkenyldialkylsilyl ethers of co-unsaturated alcohols. 

Ring-closing metathesis (RCM) catalyzed by Mo or Ru complexes has revolutionized 
the way in which carbocycles and heterocycles are constructed. (34). In view of the not 
uncommon use of silyl ethers as tether anchor points, there is an opportunity for the 
combination of RCM and Pd-catalyzed cross-coupling chemistry of this invention by use of 
alkenyl silylethers. Scheme 13 illustrates the combination of RCM reaction catalyzed by a 
Mo complex and the cross-coupling reaction of this invention. 
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RCM of the sterically more demanding vinylsilyl ether dienes requires the less 
sterically sensitive molybdenum carbene complex 

[(CF 3 ) 2 MeCO] 2 Mo(=CHCMe 2 Ph)(=NC 6 H 3 -2,6-i-Pr 2 )(202), developed by Schrock et al.(33). 

To test the feasibility of the overall transformation, combining the two types of 
reaction the vinylsilyl ether, 203, was prepared as a starting material for RCM by addition of 
allylmagnesium bromide to benzaldehyde followed by silylation with commercially available 
chlorodimethylvinyl-silane. In initial studies on the RCM reaction of 203 using the Grubbs 
alkylidene complex, none of the desired ring-closure product 74, was observed. All 
variations in conditions, including change of solvent and/or temperature were unsuccessful. 
Substrate 203 did undergo the RCM process when the molybdenum complex 202 was used as 
the catalyst. After careful optimization a near quantitative yield of 74 was obtained with 5 
mol % of 202 in benzene at ambient temperature. 



Me> Ma 202 Me s Me 

1. allylMgBr, Et 2 0, o (5 mol %) Q Si> 

CHO rt, 1 .5 h, (85%) I benzene 





2. CISiMe 2 CH=CH 2; rt, 1 h 

203 9 5% 74 



0°Ctort,1h,(92%) 9S% 



The influence of tether length (i.e., ring size) and substituents on the RCM/cross- 
coupling process was examined as shown in Table 25. The allylic ether 207a (a five- 
membered ring precursor) suffered RCM under the standard conditions (5 mol % of Mo 
complex in benzene, 1 h); however, only 75% conversion could be obtained in 1 h. This 
problem was solved by increasing the catalyst loading; using 7 mol % of catalyst.the complete 
consumption of 207a was achieved within 3 h to afford the product 208a in 89% yield (Table 
25, entry 1). However, for the preparation of seven-membered siloxane 208d, the reaction 
only went to 91% completion, giving an 81% yield under these conditions. With a 
monosubstituted alkene or monosubstituted vinylsilane (entries 2 and 3), the RCM process 
proceeded slowly compared to 74 albeit ultimately to completion. Unfortunately, substitution 
on both the alkene and vinylsilane (entry 4) did not lead to successful closure (even under 
harsher conditions), presumably as a result of the significant increase in steric demand. 
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The results illustrated in Table 25 demonstrating successful RCM reaction to form the 
cyclic siloxanes (such as 74) along with the results of successful cross-coupling reactions of 
those siloxanes illustrated in Tables 13 and 14 demonstrate the viability of sequential 
RCM/cross-coupling reactions employing readily available silyl ethers. The 
cycloalkenylsiloxane serves as a competent donor undergoing rapid and high-yielding cross- 
coupling with various aryl and alkenyl halides. 
Intramolecular Hvdrosilvlation combined with Cross-Coupling 

Facsile cross-coupling reactions of this invention are observed with organosilicon 
reagents having oxygen function on the silicon, e.g., alcohols, ethers or disiloxanes. Starting 
materials for the coupling reactions herein can be obtained by intramolecular hydrosilylation 
of a pendant silyl ether (35). This process provides an unambiguous route to geometrically 
defined vinyl silanes having an oxygen function. This strategy, as illustrated in Scheme 14, is 
exemplified for the preparation of stereo defined homoallylic alcohols. 

In particular, the cyclic siloxane 78 (where R is CH 3 -) derived from 3-pentyn-ol (211 
where R is CH 3 -) was examined to illustrate the combination of intramolecular 
hydrosilylation and cross-coupling of this invention. Silylation of the alkynol with 
diisopropylchlorosilane provided a silyl ether in good yield which was then subjected to 
intramolecular hydrosilylation using a catalytic amount of Speier's catalyst: 

o /-OH tffrSiCKH) R J ,CH 3 

R / EtjN f OMAP HfiS \ 

211 P * ntan * fcH, ^ 

SQ% 

R ^ 
H 2 PtClg.6H 2 Q^ "~ = < ^ 

Palladium cross-coupling reaction of 78 with various aryl iodides are examined in 
Table 15, discussed above. Attempts to extend the intramolecular hydrosilyation to dimethyl 
siloxanes resulted in the generation of undesired polymeric materials. A practical solution to 
this problem was the establishment of a one-pot protocol that obviated the isolation and 
purification of delicate silyl ethers and siloxanes and improved overall efficiency of the 
process. 
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In this process a homopropargyl alcohol (e.g., 211) is treated with a silylating agent, 
tetramethyl disilazane (TMDS). The product (not isolated) is dissolved in THF in the 
presence of a platinum catalyst to facilitate intramolecular silylation ring closure. Cross- 
coupling was then carried out with the siloxane ring closure product (also not isolated); The 
results of the one-pot arylation of homopropargyl alcohols are shown in Table 26. As 
indicated in the table, increased loading of Pd(dba) 2 to 10 mol% resulted in significnat 
improvement in rate and yield of the cross-coupling product. 

It is believed that residual TMDS, which may poison the palladium catalyst, is 
detrimental to the cross-coupling reaction. TMDS is preferably removed (if possible in view 
of the volatility of the silyl ether) by evaporation upon completion of silylation. When a 
higher molecular weight alcohol (e.g., 3-octyn-l-ol) was used as the starting material, TMDS 
could be easily removed and cross-coupling was effectively promoted with lower levels of Pd 
catalyst (5 mol% Pd(dba) 2 ). 

The advantages of the one-pot procedure are clear: (1) ease of experimental protocol, 
(2) no need to add aryl iodide portionwise to avoid homocoupling, (3) intermediate silyl 
ethers need not be isolated, and (4) superior overall yields. However, the multi-stage 
procedure in which the isopropyl substituted siloxane 78 is isolated is superior in providing 
for stereospecificity in the products. In the one-pot procedure using the dimethylsiloxane a 
small amount of the other stereoisomer (the (Z)-isomer in the examples of Table 26) was 
observed. All attempts to suppress the formation of this isomer where unsuccessful. The 
minor product was not eliminated, for example, by decreasing the reaction concentration for 
hydrosilylation or by changing the hydrosilylation catalyst. 

These results demonstrate the expanded synthetic potential of the silicon-based cross- 
coupling reaction of this invention. The silicon atom has served in the following capacities: 
as a temporary protecting group for the hydoxyl function, as a temporary tether to fix the 
geometry of the vinyl silane and as the locus for directing formation of a new C-C bond. In a 
very mild and environmentally friendly manner, homopropargyl alcohols are elaborated 
stereospecifically to trisubstituted homoallylic alcohols in good yields. These structures are 
often encountered in natural products and also are useful synthetic intermediates. 
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EXAMPLE 1: 

General Experimental 

Analytical thin-layer chromatography was performed on Merck silica gel plates with QF- 
254 indicator. Visualization was accomplished with UV light and/or potassium permanganate. 
Methanol was of reagent grade and used as received; other solvents for chromatography and 
filtration were technical grade and distilled from the indicated drying agents: hexane and pentarie 
{CaCl2>; ethyl acetate (K2CO3). Column chromatography was performed using EM Science 230- 
400 mesh silica gel or ICN silica RP C18 (32-63 Jim) 60A. 

Analytical capillary gas chromatography (GC) was performed using a Hewlett Packard 
5890 Series II gas chromatographs fitted with a flame ionization detector (H2 carrier gas, 1 
mL/min) and HP-5 (50-m, 0.2 mm) cross-linked phenyl methyl silicone capillary column. The 
injector temperature was 225 °C, the detector temperature was 300 °C. Oven temperarture and 
head pressures specified. Retention times (/#) and integrated ratios were obtained form Hewlett 
Packard 3393A integrators. 

Kugelrohr distillations were performed on a BUchi GKR-50 Kugelrohr; boiling points (bp) 
corresponding to uncorrected air-bath temperatures. All commercial reagents were purified by 
distillation prior to use. 

The solvents used in reactions were reagent grade and distilled from the indicated 
drying agents under a nitrogen atmosphere: acetonitrile: CaH2 , tetrahydrofuran (THF) and 
diethyl ether (Et>0: sodium metal/benzophenone ketyl. The solvents used for extraction 
and chromatography were technical grade and distilled from the indicated drying agents: 
hexane, pentane, dichloromethane (CH 2 C1 2 ): CaCl 2 ; ethyl acetate (EtOAc): K 2 C0 3 . Unless 
otherwise noted, all nonaqueous reactions were performed in oven- and/or flame-dried 
glassware under an atmosphere of dry nitrogen. 

Tetrabutylammonium fluoride (TBAF) solution in THF (1.0 M) was made from 
TBAF trihydrate solid bought from Fluka. Tri-/-butylphosphine solution in THF (1.0 M) 
was made from tri-r-butylphosphine purchased from Strem. 1,1-Dichlorosilacyclobutane 
(1) was prepared according to literature. 5 
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Preparation of (E)-l-(l-Heptenyl)-l-methylsilacyclobutane (CE)21) 



Q 




(3-21 

To a solution of l-heptyne (2.62 mL, 1.91 g, d = 0.7328, 20.0 mmol) in n-hexane (7 mL) 
was added a solution of DIBAL-H (20 mL, 1.0 M in n-hexane, 20.0 mmol, 1.0 cquiv) at -78 °C. 
The reaction mixture was heated at 50 °C for 2 h, then was cooled to 0 °C. 1-Chloro-l- 
methylsilacyclobutane (2.41 g. 20.0 mmol, 1.0 cquiv) was added dropwise with syringe to the 
reaction mixture at 0 °C which was stirred for 48 h at 50 °C. Cold water (1 .28 mL, 7 1 mmol, 33 
equiv) was added to the reaction solution carefully at 0 °C. The resulting white suspension was 
filtered through CeUte and the filtrate was concentrated in vacuo. The crude product was purified 
by column chromatography (SiOa, pentane) and distillation to afford 2.96 g (81%) of (E)-l as a 
colorless oil. i-Methyl-(l-heptynyl)silacyclobutane (145 mg, 8%) was also isolated after column 
chromatography. 
Preparation of l-(l-Heptynyl)-l-methylsiIacyc!obutane 




Me 

To a solution of 1-heptyne (1.31 mL, d = 0.7238, 0.960 g, 10.0 mmol) in Et 2 0 (10 mL) 
was added a solution of MeLi (9.43 mL, 1.06 M in £t 2 0, 1 .0 equiv) at -78 °C After being stirred 
for 3 h, I-chloro-l-roethylsilacyclobutane (1.16 mL, 1.0 equiv) was added dropwise to the 
reaction solution at die same temperature, which was then stirred for another 5 h. The reaction 
mixture was quenched with H2O (10 mL) and then was extracted with pentane (3 X 25 mL). The 
combined organic layers were dried (MgS0 4 > and concentrated in vacuo to afford the crude 
product, which was purified by column chromatography (SiCh, pentane) and Kugelrohr distillation 
to afford 1 .66 g ( 92%) of 1-(1-heptynyl)-1-meihylsilacyclobutane as colorless oil 
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Preparation of {Z)-l-(l-Heptenyl)-l-mcthyIsilacycIobutane (Z)-21 




(1) DIBAL-H 




2 

^1 



Me 



v 



(2) aq. NaF 



2 



(Z)-21 



Neat DIBAL-H (1.93 mL, 1.52 g. d = 0.789, 10.7 mmol, 1.2 equiv) was added to a 
solution of Hl-hexynylH-methylsilacyelobutane (1-62 g. 9.0 mmol) in hexane (14 mL) and 
Et^O (9 mL) at 0 °C. The mixture was stirred for 3 h at 0 °C, 9 h at rt, and then was diluted with 
CH2CI2 (40 mL). Solid NaF (3,21 g. 76.4 mmol, 8.5 equiv) was added, followed by H2O (2.9 
mL, 161 mmol, 17.8 equiv) and the suspension was stirred for 3 h, then was filtered and the 
filtrate was concentrated in vacuo. The crude product was purified by column chromatography 
(SiQz, pentane) and Kugelrohr distillation to afford 1 .35 g (82%) of (Z)-l as a colorless ofl. 

General Procedure: Palladium Catalyzed Cross Coupling Reaction of Alkenyl 
silanes with Aryl or Alkenyl Halides. 

To the neat alkenylsilane (1,1-1 J equiv) was added a solution of tetra n-butylammonium 
fluoride (TBAF) (l.OMin THF, 3.0 equiv). The initial exotherm was allowed to subside and the 
solution was stirred until it returned to rt, (ca. 10 mm). The aryl iodide or alkenyl halidc (1.0 
equiv) was added to the solution followed by the palladium catalyst (2.5 or 5 mdl %) and the 
mixture was stirred at rt for 10 min-7 h. The reaction mixture was filtered through a short silica gel 
column (20 g). After concentration in vacuo, the residue was purified by column chromatography 
(Reverse Phase C18 or S1Q2) and distillation to afford the product 

Preparation of (E)-l-Heptenylbenzene 



Following the General Procedure, (E)-21 (201 mg, 1.1 mmol, 1.1 equiv), a solution of 
TBAF (3.0 mL, 1.0 M in THF, 3.0 mmol. 3.0 equiv). iodobenzene (112 uL, 205 mg, d = 1.831, 
1.0 mmol) and Pd(dba) 2 (29 mg, 0.05 mmol, 0.05 equiv) were stirred at rt for 10 mm, and the 
mixture was filtered through SiO* Purification of the crude product by column chromatography 




(£)-21 
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(RP CI 8, MeOH/H 2 0, 9/1) and Kugelrohr distillation afforded 159 mg (91%) of (E)-l-heptenyl- 
benzene as a colorless oil. 

Preparation of (£)-2-(l-Heptenyl)thioph«ne ((£)-3c). 




(^-21 



Following the General Procedure, (E)-21 (219 mg, 1.2 mmol, 1.2 equiv), a solution of 

TBAF (3 mL, 1.0 M in THF, 3.0 equiv), 1-iodothiophene (111 uJL, 211 rag, d = 1.902, 1.0 

rnmol) and Pd(dba)2 (29 mg, 0.05 mmol, 0.05 equiv) were stirred at rt for 3 h, and the mixture 

was filtered through S1O2. Purification of the crude product by column chromatography (RP C 1 8, 

MeOHyH20, 9/1) and Kugelrohr distillation afforded 160 mg (89%) of 
( E)-2-(1 -heptenyl)thiophene as a colorless oil. 

Preparation of (£,£)-!, 3-NonadienyIbenzene 




Following the General Procedure, »(E)-21 (201 mg. 1-1 rnmol, 1.1 equiv), a solution of 
TBAF (3 mL, 1.0 M in THF, 3.0 equiv), (E)-p-iodostyrcnc (231 mg, 1.0 mmol) and Pd(dba)2 
(29 mg, 0.05 mmol, 0.05 equiv) were stirred at rt for 10 min and then was fdtered through SiOo. 
Purification of the crude product fay column chromatography (RP C18, MeOH/H 2 Q, 9/1) and 
Kugelrohr distillation afforded 146 tng (73%) of (E.E.H^nadienyibenzene as a colorless oil. 



Following the General Procedure, <£>21 (274 mg, 1.5 mmol, 1.5 equiv), a solution of 
TBAF (3 mL. 1.0 M in THF. 3.0 equiv), (E)-$-bromostyrene (128 uL, 183 mg, d = 1.427, 1.0 
mmol) and (aJlylPdCl) 2 (9 mg, 0.025 mmol, 0.025 equiv) were stirred at rt for I h and the mixture 
was filtered through SiCb. Purification of the crude product by column chromatography (RP CIS, 
MeOH/H 2 0, 9/1) and Kugelrohr distillation afforded 160 mg (80%) of (E.EJ-i.S-nonadienylbenzene 
as a colorless oil. 
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Preparation of (Z,Z>5,7-Tridecadien-l-oI 




(Z)-21 



Following the General Procedure, (Z)-21{219 mg, 1.2 mmol, 1.2 equiv), a solution of 
TBAF (3 mL, 1 M in THF, 3 equiv), (Z)-6-iodo-5-hcxen-l-ol (226 mg, 1.0 mmol) and 
(allyIPdCl)2 (9 mg, 0.025 mmoI t 0.025 equiv) were stirred at rt f or 6 h and the mixture was 
filtered through SiOi- Purification of the crude product by column chromatography (SiCh, 
hexane/EtOAc, 41) and Kugelrohr distillation afforded 128 mg (65 %) of (Z,Z)-4c as colorless 
oil. 

Literature Preparations 

The following compounds were prepared by literature methods: 1-chiOiO-l- 
methylsilacyclobutane, (£)-P-bromostyrene l , (JEVp-iodostyrene 2 , (£)-6-i(Mlo*5-hexenol 3 and (25- 
6-iodo-5-hexenoI* » 



References for Example 1 : 

(1) Lloyd-Jones, G, G Butts, C P. Tetrahedron 1998, 54, 90L 

(2) Suzuki, R; Aihara, M,; Yamamoto, H,; Takamoto, Y.; Ogawa, T Synthesis 1988, 233. 

(3) Stille, L 1C; Simson, J. H. /. Am. Chenu Soc, 1987, 109, 2138. 

(4) Stilie, h K.; Groh, B. L.; J. Am. Chenu Soc. 1987, 109, 813. 

(5) (a) Denmark, S. E.; Griedel, B. D.; Coe, D. M.; Schnute, M. E. /. Am. Chem. 
Soc. 1994, 116, 7026. (b) Laane, J. J, Am. Chem. Soc. 1967, 89, 1144. 
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Example 2 




l-Chloro-l-(4 , -methoxyphenyl)silacyclobutaneB 

n^HQ + BrMg-H^V-O' 
CI 

A B 

4-MethoxyphenylmagnesiuiTj bromide solution in Et 2 0 was prepared in 

conventional method and titrated 2 To a solution of A (5.61 g, 39.7 mmol, L2 equiv) in 
Et^O (80 mL) was added 4-methoxyphenylmagnesium bromide (24.0 mL 138 M, 33 A 
mmol) dropwise over I h at 0 °G Then the reaction mixture was allowed to warm up ro 
room temperature and was stirred overnight. After Schlenk filtration, all the solvent was 
removed by simple distillation and the residue was purified by fractional distillation under 
vacuum \o afford 5.21 g (73%) of B *s a colorless oil. 

l.FIuoro-l-(4-methoxyphenyl)silacyclobutan€ C 

2 1 2* 

ci F 

B C 
To a solution of B (2.98 g, 14.0 mmol) in EtiO (60 mL) was added CuF 2 (0.71 g, 

7.0 mmol, 0.5 equiv) at 0 *C. The reaction mixture was allowed to warm up to room 

temperature and was stirred overnight. The solid was removed by quick filtration through 

celite and the solvent was distilled off by simple distillation. The residue was then purified 

by fractional distillation under vacuum to afford 1 .98 g (72%) of C as a colorless oil. 
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1 -Chloro- l-(2 r -methylpheny l)silacyclobutane D 




A D 

2-MethylphenyImagnesium bromide was prepared by adding a Et 2 0 solution (40 

mL) of 2-methylbromobenzene (9.89 g t 57.8 mmol) to Mg (1.55 g, 63.58 mmol 1.1 equiv) 
over 1 h and refIuxingfor2 h. After cooled to room temperature, the resulted solution was 
added dropwise to a solution of a (8.15 g, 57.8 mmol, 1.0 equiv) in Et?0 (80 mL) at 0 *C. 
The reaction mixture was allowed to warm up to room temperature and was stirred 
overnight. After Schlenk filtration, all the solvent was removed by simple distillation and the 
residue was purified by fractional distillation under vacuum to afford 8.53 g (78%) of D as a 
colorless oil. 

Palladium Catalyzed Cross-coupling Reaction of Arylsilanes with Aryl Iodides* 
Representative Procedure: Preparation of 4-Methoxybi phenyl E 

2' 2 



q^^ 3 ♦ o — *<y<y<*? 

CI — 



B ( E 
The reaction of arylsilaneB and iodobenzene is representative. To the neat b 1255 
mg, 1 .2 mmol, 1 .2 equiv) was added a solution of tetra fl-butylammonium fluoride (TBAF) 
(3.6 ml, 1.0 M in THR 3.6 mmol, 3.6 equiv). The initial exotherm was allowed to subside 
and the solution was stirred until it returned to rt, (ca 10 min), Iodobenzene (204 mg, 1 1 0 
mmol) was added to the solution followed by tri(/-butyl)phosphine (0.2 mL, 1-0 M in THF, 
0.2 mmol, 0.2 equiv) and [allylPdQfe (9.1 mg, 2.5 mo!*). The mixture was heated to 
reflux for 1 h. After being cooled to rt, the reaction mixture was treared with H 2 0 (10 mL) 
and extracted with CH 2 C\ 2 (3 X 25 mL). The combined organic layers were dried 
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(Na2-S04) and concentrated in vacuo. The crude product was further purified by column 
chromatography (SiO?, hexane to hexane/BOAc^O/1) to afford 0J67 g (91%) of E as a 
white solid. 

References for Example 2: 

(1) Watson, S. C; Eastham, J. F. J. OrganomeL Chem. 1967, 9, 165. 
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Example 3 



Preparation of (E)-Dimethyl-(l-hepteiiyI>siIanol (E)-50 

1. f-BuLi 



2. {Me^iOh 




(E)-50 



To a solution of (£)-! -bromo- 1 -heprene (5.3 1 3 g, 30.0 mmol) in dry ether (30 mL) under dry Hi at -78 ll Q 
/-butyllkhium (38.7 mL, 60 mmol, 1 .55M) was added over 10 min. The reaction mixture was stirred at -78 
°C for ] h. The hexamethylcyclotrisiloxane (2.225 g, 10.0 mmol) in dry ether (30 mL) was then added 
over 5 min at -78 «C. The reaction was wanned to room temperature and stirred for 24 h. The solution 
was then cooled to 0 °C and quenched with water (30 mL). The aqueous phase was extracted with ether (3 
x 10 mL) and the combined organic phases were washed with water (1 x 10 mL) and brine (3 x 30 mL). 
The organic layer was dried with magnesium sulfate (anhydrous) and filtered. The solvent was then 
evaporated in vacuo to give a yellow oil which was purified by distillation to afford 3.836 g (74%) of (E)-50 
(3.S36 g, 74 %) as a colorless oil. 



Preparation of (2>DimethyI-(l-heptenyI)siianol (Z)-50 

1.n-8uLi y e 





lev 



2. (MezSiGfe ^\ oh 

(Z)-50 

To a solution of (2>l-iodo-l-heptene (2.241 g, 10.0 mmol) in dry ether (30 mL) under dry N 2 at -78 «C, 
rt-buryllithium (6.1 mL, 10 mmol I.64M) was added over 10 min. Hie reaction mixture was stirred at -78 
«C for 30 min. The hexamethylcyclotrisiloxane (742 mg, 3.3 mmol) in dry ether (10 mL) was then added 
over 5 min at -78 °C. The reaction was warmed to room temperature and stirred for 24 h. The solution 
was then cooled to 0 "C and was quenched with water (5 mL). The aqueous phase was extracted with ether 
(3x10 mL) and the combined organic phases were washed with water (1 x 10 mL) and brine (3 x 30 mL). 
The organic layer was dried with magnesium sulfate (anhydrous) and filtered. The filtrate was then 
evaporated in vacuo to give a yellow oil which was purified by distillation to afford 1 .344 g (78%) of (Z) : 50 
as a colorless oil Repeated distillation provided analytically pure material. 
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Preparation of (£>Diisopropyl-(l-heptenyl)si]anol (E>-A-2 




.H 1.H 2 PtCI 6 >Pr2SiCIH 




2. NaHC0 3 (aq. ) 



7 



(E)-A-2 1 



Hexachloroplatinic acid (26.6 mg ? 65|imoL 0.005 equiv) was dissolved in 2-propanol ( l mL) and 
diethyl ether (30 mL) in a dry, two-neck, round-bottom flask equipped with a stir bar and a reflux 
condenser under an atmosphere of dry argon. Chlorodiisopropyisilane (2.155 g f 14.3 mmoL 1.1 equiv) 
was then added and the mixture was heated to reflux. A solution of 1 -heptyne (1 .250 g r 1 3.0 mmol) in dry 
ether (10 mL) was then added dropwise over 10 min, at a rate to maintain reflux of the reaction mixture. 
After the addition was complete, the mixture was heated in an oil bath to reflux for 4 h. After cooling to 
room temperature, the solvent was evaporated in vacuo and the residual oil was distilled (1 14 °C at 6 
mmHg) to give the chlorosilane (2.682 g t 83.6%) as a colorless liquid. 

The intermediate chlorosilane (2.731 g, 11.1 mmol) was dissolved in ether (20 mL) and saturated, 
aqueous sodium bicarbonate soiuuon (10 mL) was added. The mixture was stirred at room temperature for 
30 min and was then pourred into pentane (30 mL). The aqueous phase was washed with pentane (3 x 10 
mL). The combined organic phases were then washed with water (3x10 mL) and brine (2 x 10 mL). The 
organic layer was dried with MgSO^ filtered and die solvents evaporated in vacuo to give a oil which was 
disrilkd twice to give (E)-A-2(2.40S g f 95.39Z0 as a colorless oil. 
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Preparation of (Z)-Diisopropy)-<l-heptenyl)silanol (Z)-B-2 




3. C! 2 

4. NaHC0 3 (aq. ) 



1. n-BuLi 

2. f-Pf 2 SiCIH 



' Mr 



(Z)-B-2 



To a solution of (Z)- I-iodo-l-heptene (2.017 g, 9.0 mmol) in dry ether (30 mL) under dry at 
-78 °C was added /j-butyllithium ("5.5 mL 9 mmol, 1.64M, 1 equiv) over 10 min. The reaction mixture was 
stirred at -78 °C for 30 min whereupon a solution of chlorodiisopropylsilane (1.359 g, 9.0 mmol) in dry 
ether (10 mL) was then added over 5 min at -78 °C 

The mixture was allowed to warm to room temperature, was stirred for 12 h r then was poured into 
pentane (30 mL) and water (10 mL). The aqueous phase was extracted with pentane (3 x 10 mL) and the 
combined organic phases were washed with brine (3 x 10 mL). The organic layer was then dried with 
MgSCU, filtered and the solvent evaporated to give 1 .803 g of die intermediate hydridosiiane as an oil. The 
crude intermediate was dissolved in CC1 4 (20 mL) and cooled with an ice bath. A solution of chlorine in 
CCU (9.44 mL, 0.9 M t 8.5 mmol, 1 .0 equiv) was then added dropwise and the mixture wis stirred for 30 
min further at 0 °C. The solvent was then evaporated in vacuo and die residual oil was taken up in diethyl 
ether (20 mL). Saturated, aqueous sodium bicarbonate solution (10 mL) was added and the reaction was 
stirred at room temperature for 30 min and then pourred into pentane (30 mL). The aqueous phase was 
washed with pentane (3x10 mL). The combined organic phases were then washed with water (3x10 mL) 
and brine (2x10 mL). The organic layer was dried with MgSC>4, filtered and the solvents evaporated in 

vacuo to *ive an oil which was distilled twice to afford the desired silanol B-2 (1-742 g, 85%) as a 



colorless oil 
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General Procedure: Palladium Catalyzed Cross Coupling Reaction of AlkenylsiJanes 
with Aryl or Alkenyl halides. 



Tetrabutylammonium fluoride (2.0 mmoh 2.0 equiv) was dissolved in dry THF (2 mL) at room 
temperature under an atmosphere of dry nitrogen. The si lanol (1.0- 1 .2- rnmol) was added neat and the 
mixture was stirred for 10 minutes at room temperature. The corresponding aryl- or alkeny l iodide (1.0 
rnmol) was added to the mixture, followed by the palladium catalyst (2.5 moi% or 5 mol%) and the mixture 
was stirred at room temperature for 10 min-5 h. The reaction mixture was then filtered through a short 
silica gel column (20 g). The plug was washed with diethyl ether (100 mL) and the solvent was evaporated 

in vacuo. The residue was purified by column chromatography (Reverse Phase CIS or Si0 2 , 25 g) to 
afford the corresponding product which was further purified by distillation. 



Preparation of (1£)-1-Heptenylbenzen€ 1 (E)-C-2 




Following the General Procedure, (Syso (201 mg, 1 . 1 equiv), TBAF (63 1 mg, 2.0 equiv) in THF (2 
mL), iodobenzene ( 1 12 fiL, 1 .0 rnmol) and Pd(dba> 2 (29 mg. 0.05 equiv) was stirred at rt for 10 min, and 
then was filtered through SiO?. Purification by column chromatography (RP CIS, MeOH/H 2 0=9/l) and 
Kugelrohr distillation afforded 159 mg (91%) of (EVC-2 as colorless oil. 
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Preparation of (Z)-1-Heptenylbenzene (Z)-C-2 



2* r 




Following the General Procedure, (Z)-50 (201 mg, 1 . 1 equiv), TB AF (63 1 mg, 2.0 equiv) in THF (2 
mL) t iodobenzene (1 12 \iU 1-0 mmol) and Pd(dba) 2 (29 mg* 0.05 equiv) was stirred at rt for 10 min and 
then was filtered through SiCb- Purification by column chromatography (RP CIS, MeOH/H 2 0=9/l) and 
Kugelrohr distillation afforded 157 mg (90%) of (Z)-C-3 as colorless oil. 



Preparation of <£^-l-(l-Heptenyl)naphthalene-^{EVD-2 




Following the General Procedure, (E)-50 (201 mg 1 . 1 equiv), TB AF (63 1 mg ? 2.0 equiv) in THF (2 
mL), l-iodonaphmalene (146 \iU I 0 mmol) and Pd(dba>2 (29 mg, 0.05 equiv) was stirred at rt tor 30 min. 
and then filtered through SiCK Purification by column chromatography (RP CIS, MeOHfti?0=9/i) and 
Kugelrohr distillation afforded 199 mg (89%) of (E)-D-2 as colorless oil. 

Preparation of (£)-l -< 4 -Hepteny l)naphthalene-(E)-D-3 methanolic with 
Tetrabutylammonlum hydroxide 



7 




Following the General Procedure.(E)-50 (201 mg, 1.1 equiv), TBAOH ( t .00 mL. 2.0 mmol, 2M in 
MeOH) in THF ( 1.0 mL), 1-iodonaphthalene (146 jiL, 1 .0 mmol) and Pd(dba) 2 (29 mg, 0.05 equiv) was 
stirred at rt for 30 min, and then filtered through Si0 2 . Purification by column chromatography (RP CIS, 
MeOH/H 2 0=9/l) and Kugelrohr distillation afforded 170 mg (169c) of (E}-Q.3. as colorless oil. 
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Preparation of (is)-4-<l-Hepteriyl)acetophenone (E)-E-2 




Following the General Procedure, (E}-50(201 mg, LI equiv), TBAF (631 mg. 2.0 equiv) in THF (2 
mL). 4 -iodoacetophenone (246 mg, LO mmol) and Pd(dba) 2 (29 mg r 0.05 equiv) was stirred at rt for 10 
min and then was filtered through SiOz- Purification by column chromatography (RP CIS, 
MeOH/H 2 0=9/l) and Kugelrohr distillation afforded 201 mg (93%) of (E)-E-2 as colorless oil. 



Preparation of (2<>4-<l-Heptenyl)aeetophenone (E)-E-2 with 1 equivaJent of TBAF 




Following the General Procedure, (E)-50 (201 mg, 1.1 equiv), TBAF (LOO mL, IM in THF, 1.0 
equiv) in THF (2 mL), 4Modoaeetophenone (246 mg, 1.0 mmol) and Pd(dba)2 (29 mg T 0.05 equiv) was 
stirred at rt for 60 rain and then was filtered through SiCK Purification by column chromatography (RP 
CIS. MeOH/H20=9/l) and Kugelrohr distillation afforded 188 mg (87%) of (£V£~2 as colorless oil. 
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Preparation of (/T)-4-<l-Hepteny])acetophenoiie (E)-E-2 from 4-Bromoacetophenone 



Mi 




Sr 



* (E)-50 



T 




5' 



3' 



r 



Following the General Procedure, (E)-» (219 mg, L2 equiv), TBAF (631 mg, 2.0 equiv) in THF (2 
mL), 4'-bromoacetophenone (199 mg, 1.0 mmol) and |allyIPdCl] 2 (9.1 mg, 0.025 equiv) was stirred at rt 
for 120 min. An additional equivalent of TBAF (315 mg) and 1.25 mo!% of [ailytPdCl]2 (4.5 mg f 0.013 
equiv) was added and the reaction was stirred for one more hour. Filtration through Si0 2 , followed by 
purification by column chromatography (RP CI 8, MeOH/H 2 0=9/l) and Kugeirohr distillation afforded 
160 mg (74%) of (E)-E*2 as colorless oil. 



Preparation of (l£>l-Heptenyibenzene 1 (E)-F-2 with di(iso-propyl)hepteny!silanol 



Following the General Procedure, (E)-A-2 (251 mg, t.l equiv), TBAF (631 mg, 2.0 equiv) in THF 
mU iodobenzene (1 12 pL, 1.0 mmol) and Pd(dba)2 (29 mg ; 0.05 equiv) was stirred at rt for 10 min, a 
then was filtered through SiCh. Purification by column chromatography (RP CIS, MeOH/H 2 (>=9/I) a 
Kugeirohr distillation afforded 143 mg (32%) of <E)-F-2 .as colorless oil. 



T 



s* y i- 2 



(E)-A-2 
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Preparation of (Z)-l -(l-Heptenyl)naphthalene (2)-G-2 with di(iso- 
propyl)heptenylsilanol 



7 




Following the General Procedure, (ZJ-8-2 (25 1 mg, L! equiv), TBAF (631 mg, 2.0 equiv) hi 
THF (2 mL), 1 -iodonaphthalene (146 pJU 1 -0 mmol) and Pd(dba) 2 {29 mg, 0.05 equiv) was stirred at rt for 
30 min, and then filtered through SiCb. Purification by column chromatography (RP C18, 
MeOH/H?0=9/l) and Kugelrohr distillation afforded 178 mg (79%) of (Z)-G-2 as colorless oil- 
Preparation of (£)-l-(l-'H*ptenyl.) naphthalene 3 (E)-H-2 with di(iso- 
propyl)heptenylsHano! and with methanolic Tetrabutyl ammonium hydroxide 




Following the General Procedure,(E)-A-2 (251 mg, 1.1 equiv), TBAOH (1.00 mL, 2.0 mmol, 2M in 
MeOH) in THF (1.0 mL) f 1 -iodonaphthalene (146 [iL, 1.0 mmol) and Pd(dba>? (29 mg, 0.05 equiv) was 
stirred at rt for 30 min T and then filtered through Si0 2 - Purification by column chromatography (RP CIS, 
MeOH/H20=9/l) and Kugelrohr distillation afforded 174 mg (78%) of (Ej-H-2 as colorless oil- 
Preparation of (Z,Z)-5,7-TridecadU;n-l-ol 4 (Z,Z)-I-2 




Following the General Procedure, (2)-50 (219 mg, 1.2 equiv), TBAF (631 mg, 2.0 equiv) in THF (2 
mL), (Z)-6-iodo-5-hexen - l-ol (226 mg, 1 .0 mmol) and (alIylPdCl) 2 (9 mg, 0.025 eq) was stirred at rt for 6 
h and then was filtered through Si0 2 . Purification by column chromatography (Si0 2 > n- 
hexane/EtOAc=4/l ) and Kugelrohr distillation afforded 126 mg (64%) of (2^H-2 as colorless oil. 
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Preparation of (2^)0,7 -Tridecadien-l-oi 4 (Z,Z)-l-2 » with di(iso- 
propyl)heptenylsilanoI [D'W-VII-33]. (Table 3, entry 6) 




(Z)-B-2 




'OH 



(Z^)-l-2 



(Z)-J-2 



Following the General Procedure.(Z)-B-2 ;274 mg.. 1.2 equiv), TBAF (631 m* 2.0 equiv) in THF (2 
mL), (2)-6-iodo-5-hexen-l-oi (226 rag, 1.0 ramoi) and (allylPdCfc (9 mg t 0.025 eq) was stirred at rt for 6 
h and then was filtered through SiCh. Purification by column chromatography (Si0 2f n- 
hexane/EtOAc=4/l) and Kugelrohr distillation afforded 134 mg (68%) of {ZZ)-U2 as colorless oil. 

References for Example 3: 

(1) Yanaginsawa, A; Momura, N; Yamamoto, H. Tetrahedron 1994, 50, 6017. 

(2) Kauffmann, T.; Rauch, E; Schulz, J; Chem. Bex. 1973,706, 1612. ;Just, G.; O'Connor, 
^.Tetrahedron Letters, 1985,26, 1799. 

(3) Negish, E.; Takahashi, T.; Baba, S.; Van Horn, D. E.; Okukado, N. J Am. Chem, Soc. 
1987, 109, 2393. 

(4) Matikainerr, J. ; Kaltia, S.; Hamalainen, M.; Hase, T. Tetrahedron, 1997, 53, 4531. 
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Example 4: Cross-Coupling of (a-Alkoxyvinyl) silanols 



Preparation of [2-(5,6-Dihydro-4H-pyranyl)|dimethylsiIanoI 



6 




2. (Me2SiO)3 



1. f-8uLi 



2 




To a solution of r-butyllithium (10.0 mL, 14 mmol, .1.4 M in heptane) under dry N? at 
-78 °C was added THF (1.15 mL, t.4 mmo'l). The resulting yellow suspension was stirred at 
-78 °C for 10 min, then 3,4-dihydro-2H-pyran (1.30 mL, 14 mmol, 1.0 equiv) was added. The 
mixture was allowed to warm to 0 °C and was stirred for 1.5 h whereby a colorless solution was 
obtained. 

After cooling the solution to -78 °C a solution of hexamethylcyclotrisiloxane (1.04 g, 4.6 
mmol, 0.33 equiv) in dry THF (2.0 mL) was added over 5 min at -78 *C The mixture was allowed 
to warm to 0 °C and was stirred for at that temperature 1 .5 h. The mixture was then allowed to 
warm to room temperature and was stirred for 1.5 h during which time a white suspension formed 
The solution was then cooled to 0 °C and was quenched with water (20 mL). The aqueous phase 
was extracted with ethyl acetate (5 x 20 mL) and the combined organic phases were washed with 
water (1 x 20 mL) and brine (1 x 20 mL). The combined organic layers were dried over anhydrous 
sodium sulfate and were filtered. The tl Urate was then evaporated in vacuo to give a yellow oil 
which was purified by column chromatography (silica gel, hexane/ethyl acetate, 7/1) and by 
distillation to afford 1.5 Ig (68%) of 61 as a colorless oil. 
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Reaction of Efhyl 4-Iodobenzoate with Silanol 61 to form Ethyl 4-l2-(5,6-Dihydro- 

4H-pyranyI)]benzoate 62a 



3 




Following the General Procedure.61 (190 mg, 1.2 mmol, 1.2 equiv), was dissolved in a 
solution of TBAF in THF (1 .0 M 9 2.0 mL ? *.0 mmol, 2.0 equiv) and was stirred for 10 min at rt. 
Ethyl 4-iodoben2oate (0.166 m'L, 1.0 mmol) and [allylPdCl]? (9 mg, 0.025 equiv) were added. The 
suspension was stirred at rt for 10 min and then was filtered through a short plug of SiCb- 
Purificaiion of the residue by column chromatography (S1O2, hexane/EtOAe, 20/1) and 
recrystallization from hexane afforded 195 mg (84%) of 62a as a colorless oil. 

General Procedure for Coupling of Sflanols. 

>> — • c Sy 

To the organosilanol (1.2 mmol) was added a solution tetrabutylammonium fluoride 
(TBAF) in THF (1.0 M, 2.0 mL, 2.0 mmol). The aryl iodide or vinyl iodide (1.0 mmol, 1.0 equiv) 
was added to the mixture, followed by the palladium catalyst (5 mol% of Pd) and the mixture was 
stirred at room temperature for 10 min to 4 h. The mixture was then filtered through a short plug of 
silica gel or alumina (10 g). The plug was washed with diethyl ether (50 mL) and the solvent was 
evaporated in vacuo. Purification of the residue by column chromatography afforded the coupling 
product which was further purified by Kugelrohr distillation or crystallization. 
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# 




Reaction of Ethyl (£)-2-lodopropenoate with Silanol 61 to form Ethyl (£)-3-{2-(5>6- 
Di hy d r o-4 H -py ra n y 1) ] prope n oa te A-3 



Following the General Procedure,61 f 190 mg, 1.2 mmol, 1.2 equiv), was dissolved in a 
solution of TBAF in THF (1.0 M„ 2.0 mL f 2.0 mmol, 2.0 equiv) and was stirred for 10 min at rt. 
Ethyl (£)-2-iodopropenoate (226 mg, 1.0 mmol) and [allylPdClfe (9 mg, 0.025 equiv) were added. 
The suspension was stirred at rt for 10 min and then was filtered through a short plug of SiO?- 
Purification of the residue by column chromatography (AI2O3, hexane/E^O ? 10/1) afforded 148 
rng (8 1 %) of A-3 as a colorless oil. 



3 




61 



A-3 
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Example 5: The Cross-Coupling Reaction of (a-Alkoxyvinyl) silyl Hydrides 



Preparation of |2-(5,6-Dihydro-4H-pyranyl)ldiisopropylsilanc 84 



0 



h 3 q^ch 3 



7 



2 <■ V— St-H 
2. j-Pr2SKH)CI 1 



30 CHr, 
84 



To a solution of f-butyllithium (5.0 mL, 8.0 mmol. 1.6 M in heptane) under dry N 2 at 
-7S °C was added THF (0.65 mL, 8.0 mmoL 1.0 equiv). The resulting yellow suspension was 
stirred at -78 »C for 10 min, then 3.4-dihydro-2H-pyran (1.30 mL. 8.0 mmol, 1.0 equiv) was added. 
The mixture was allowed to warm to 0 e C and stirred for 1.5 h whereby a colorless solution was 
obtained. 

After cooling die solution to -78 °C chlorodiisopropylsilane (1.36 mL, 8.0 mmoL 1.0 
equiv) was then added. The mixture was stirred for 1.5 h at -78 °C, then was allowed to warm to 
room temperature and was stirred for 1 -5 h during which time a white suspension formed. After 
addition of heptane ( 10 mL), the suspension was filtered through a short plug of Celite. The 
solvent was then evaporated in vacuo to give a white suspension. After Kugelrohr distillation 
(130 °C at 0.6 mmHg), the colorless oil obtained was purified by column chromatography (silica 
gel, hexane) and was distilled again to give 1 .20 g (75%) of 84 as a colorless oil. 
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Preparation of (l-ButoxyvinyI>dfisopropyIsilane 85 



1.r-BuLi 



' 5 3 ° A-^ L 




J 



2. *-Pr2Si(H)Cl 



H 3 C^Chb 
'85 



To a solution of r-butyllithium (5.0 mL t 7.5 mmol, 1.5 M in heptane) under dry N 2 at 
-78 *C was added THF (0.60 mL, 7.5 mmol, 1.0 equiv). The resulting yellow suspension was 
stirred ax -78 °C for 10 min, then /f-butyi vinyl ether (0.97 mL, 7.5 mmol, 1.0 equiv) was added. 
The mixture was allowed to warm to 0 °C and was stirred for 1.5 h whereby a colorless solution 
was obtained. 

After cooling the solution to -78 °C chlorodiisopropylsilane (1.30 mL, 7.5 mmol, 1.0 
equiv) was added. The mixture was stirred for 1.5 h at -78 °C, was allowed to warm to room 
temperature and was stirred for 1.5 h during which time a white suspension was formed. After 
addition of heptane (1 0 mL), the suspension was filtered through a short plug of Celite. The filtrate 
was then evaporated in vacuo to give a white suspension. After Kugelrohr distillation (120 *C at 
0.6 mmHg), the colorless oil obtained was purified by column chromatography (silica gel, hexane) 
and was distilled again to give 1 . 1 6 g (72%) of 85 as a colorless oil. 

Preparation of 2-(4,5-Dihydrofuranyl)diisopropylsilane 86 



To a solution of /-butyllithium (5.0 mL, 7.5 mmol, 1.5 M in heptane) under dry N 2 at 
-78 °C was added THF (0.60 mL, 7.5 mmol, 1.0 equiv). The resulting yellow suspension was 
stirred at -78 *C for 10 min, then 2,3-dihydrofuran (0.567 mL, 7.5 mmol, 1.0 equiv) was added. 
The mixture was wanned to 0 *C and was stirred for 1.5 h whereby a white suspension was 



After cooling the suspension to -78 °C, chlorodiisopropylsilane (1 .30 mL, 7.5 mmol, 1 .0 
squiv) was added. The mixture was stirred for 1.5 h at -78 °C, was allowed to warm to room 
temperature and was stirred for 1.5 h. After addition of heptane (10 mL), the suspension was 
filtered through a short plug of Celite. The filtrate was then evaporated in vacuo to give a wh 
suspension. After Kugelrohr distillation (120 °C at 0.6 mmHg), the colorless oil obtained v 
purified by column chromatography (silica gel, hexane) and was distilled again to give 987 i 
(71%) of 86 as a colorless oiL 




86 



obtained 
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General Procedure for Coupling of Hydridosi lanes. 

To the hydridosilane (1 .2 or 1.4 mmol) at 0 °C was added a solution of TBAF in THF (1.0 
M, 2.0 mL or 2.8 mL, 2.0 or 2.8 equiv, (Fluka)) or a solution of tetrabutyiarnmonium hydroxide 
(TBAOH) in MeOH (1 .0 M, 3.0 mL, 3.0 equiv). The mixture was stirred 10 min at 0 °C and 10 
min further at rt until no further gas evolution was observed. The aryl iodide (1 .0 mmol, 10 equiv) 
■was added to the mixture, followed by the palladium complex [allylPdCl}? (9 mg, 2.5 mol%). The 
mixture was stirred at rt for 10 min to 1 5 h and was then filtered through a short plug of silica gel 
or aluminum oxide (basic, activated, Brockmann I). The plug was washed with diethyl ether (50 
mL) and the solvent was evaporated in vacuo. Purification of die residue by column 
chromatography affords the coupling product which was further purified by Kugelrohr distillation 
or crystallization. 

Reaction of Ethyl 3-Iodoben2:oate with Sliane 84 to form Ethyl 3-[2-(5 y 6-Dihydro- 
4H-pyranyl)]benzQate A-4 




84 A-4 



Following the General Procedure, 84(238 mg, 1.2 mmol, 1 .2 equiv), was dissolved in a 
solution of TBAF in THF (1.0 M, 2.0 mL, 2.0 mmol, 2.0 equiv) at 0 °C and was stirred for 10 min. 
The solution was allowed to warm to rt and was stirred for 10 min further. Ethyl 3-iodobenzoate 
(0.166 mL, 1.0 mmol) and [allylPdClfe (9 mg, 0.025 equiv) were added. The suspension was 
stirred at rt for 10 min and then was filtered through a short plug of SiCb. Purification of the 
residue by column chromatography (Si0 2 , hexane/EtOAc, 20/1) and distillation afforded 200 mg 
(81%) of the previously described compound A-4. 
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Reaction of Ethyl 4-Iodobenzoate with Silane 85 from 4-{- 
Bu toxyet henyl)benzoate B-4 

85 

Following the Genera! Procedure, 85 (300 mg, 1.4 mmol, 1.4 equiv), was dissolved in a 
solution oFTBAF in THF (1.0 M, 2.8 mL, 2.8 mmol 2.S equiv) at 0 °C and was stirred Tor 10 min. 
The solution was allowed to warm to rt and was stirred for 10 min further. Ethyl 4-iodobenzoate 
(0.166 mL T 1 .0 mmol) and [allylPdCl]? (9 mg, 0.025 equiv) were added. The suspension was 
stirred at rt for 10 min and then was filtered through a short plug of AliOj- Purification of the 
residue by column chromatography (AI2O3, hexane/Et 2 0, 30/1) and distillation afforded 221 mg 
(89%) of B-4 as a colorless oil. 




13 



n.O v ^.CH 3 



t2 



B-4 



Reaction of 4-Iodoacetophenone with Silane 86 to form l-(4-(4,5-Dibyd:ro- 
furanyl))ethanone C-4 




Following the General Procedure t 86 (220 mg, 1.2 mmol, 1.2 equiv), was dissolved in a 
solution of TBAOH in MeOH (1.0 M, 3 mL, 3.0 mmol, 3.0 equiv) at 0 °C and was $tirred for 10 
min. The solution was allowed to warm to rt and was stirred for 10 min further. 4- 
Iodoacetophenone (246 mg t 1.0 mmol, 1.0 equiv) and [allylPdCl] 2 (9 mg, 0.025 equiv) were added 
The suspension was stirred at rt for 10 min and then was filtered through a short plug of SiCb. 
Purification of die residue by column chromatography (Si0 2 , hcxanc/EtOAc, 8/1) and 
recrystailization from pentane afforded 133 mg (71%1 of C-4 as a white solid. 
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Example 6: Cross-Coupling Reactions of Cycloalkenylsiloxanes Synthesized by Ring-Closing 
Metathesis 

General Experimental 

All reactions were performed in oven-dried (140 °C) or flame : dried glassware under an 
inert atmosphere of dry Ar or N 2 . The following reaction solvents were distilled from the 
indicated drying agents: diethyl ether (Na, ben2ophenone), THF (Na, benzophenone), CH2O2 
(P2O5), benzene (Na), toluene (Na), methanol (Mg(OMe)2), -triethylamine (CaHa). n- 
Buryllithium solutions were titrated following the method of Gilman 1 . Brine refers to a saturated 
aqueous solution of NaCl. Grignard solutions were titrated using 2,2*-phenanthroline as an 
indicator. Kugelrohr distillations were performed on a Biichi GKR-50 Kugelrohr, boiling points 
(bp) corresponding to uncorrected air-bath temperatures (ABT). Alt reaction temperatures 
correspond to internal temperatures measured by Teflon-coated thermocouples unless otherwise 
noted. 

All commercial reagents were purified by distillation or recrystailization prior to use. A 
1.0 M solution of tetrabutylammonium fluoride in THF was prepared from solid 
tetrabutylammonium fluoride trihydrate (TBAF^H^O, Fluka) and distilled THF in a volumetric 
flask and was stored in a Schlenk bottle. Palladium bis(diben2yiideneacetone) (PdCdba)?) was 
purchased from Jansen and used without purification. it-Allylpaliadium chloride dimer 
[allylPdClfc was purchased from ACROS and was recrystatlized from benzene prior to use. 

Literature Preparations 

The following compounds were prepared by literature methods: 1 -phenyl-3-buten-t -ol,' 
l-phenyl-2-propen-l-ol/ l-phenyl-4-penten-t-ol 5 Schroek's catalyst* (2,6-diisopropylphenyl- 
imidoneophyltdenemolybdenum(VT)bis(hexafluoro-/-butoxide). 
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Preparation of Dimethyl((I~phenyl-3-buteayl)oxy| vinylsilane 73 




73 



In a 50-mL flask was placed l-phenyI-3-buten-t-ol (3.19 g, 21.5 mirtol) and Et 3 N (4.48 
mL, 32.25 mmol, 1.5 equiv) in CH2O2 (30 mL) under N? atmosphere at 0 °C (ice bath 
temperature). To the mixture was added dropwise with chlorodimethylvinyl$itane (3.86 ml, 
28.0 mmol, 1 .2 equiv). The mixture was allowed to warm to room temperature and was stirred 
for 2 h. The mixture was then poured to ice water (30 mL) and was extracted with CH 2 CI.2 (2 x 
30 mL). The combined organic layers were dried (Na 2 S04), filtered and the solvent was 
removed by rotary evaporation. The residue was distilled under reduced pressure to afford 4.59 
g (92%) of 73 as a colorless liquid. 



Genera! Procedure L Molybdenum-Catalyzed Ring-Closing Metathesis 

Into a flame-dried, 25-mL flask was placed freshly distilled benzene which was then 
moved into a dry box. Schrcck's catalyst (0.05-0.08 equiv) andsilyi ether (e.g., 73) 1 equiv. 
were added sequentially to the flask. The yellow-brown solution was stirred at room temperature 
in the dry box. The mixture was monitored by l H-NM'R analysis. When the reaction was 
complete, the solvent was removed by rotary evaporation to give a brown residue, which was 
filtered through a short column of silica gel which was further eiuted with hexane/EtOAc, 49AL 
The filtrate was concentrated followed by Kugelrohr distillation to afford the product. 
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Ring-Closing Metathesis of 73 Preparation of 2,2-DinietfayI-6-phenyH-oxa-2-siJac>clohex- 
3-ene 74. 



Following General Procedure 1, benzene (10 mL), Sc brock's catalyst (38 mg, 0.05 mmol, 
0.05 equiv), and73(232 mg, 1.0 mmol) were combined and the mixture was stirred at room 
temperature for i h in the dry box. After removal of the solvent by rotary evaporation, the 
residue was filtered through a short column of silica gel which was eluted with 100 mL of 
hexane/EtOAc, 49/1. The filtrate was concentrated followed by Kugelrohr distillation to afford 
193 mg (95%) of 74 as a colorless liquid. 

General Procedure 1L Palladium-Catalysed Cross-Coupling of 74 or 76 with Aryl or AJkenyl 
Halides. 

Substrate 74 or 76 (1-1 equiv) was dissolved in a solution of TBAF (1.0 M in THF, 2,0 
equiv) under an Ar atmosphere at ambient temperature. After 2 min, aryl or alkenyl halide (1.0 
equiv) and the palladium catalyst (0.03-0.1 equiv) were then added sequentially. The reaction 
was monitored by TLC analysis. When the halide was consumed, 2 mL of EtOAc/hexane, 7/3 
were added. The mixture was filtered through a short column of silica gel, which was then 
eluted with EtOAc/hexane, 7/3 (150-200 mL). The filtrate was concentrated by rotary 
evaporation to give a crude product, which was purified by silica gel chromatography. 

Coupling Reaction of74with 4-Iodoacetophenooe- Preparation of l-{4-[(J2)-4-hydroxy-4- 
phenyH-butedyllphertyI}ethanone (75a) 



6 5 




73 



74 



Me Me 



OH 




74 



TBAF {2 equiv), rt 



cat Pd(dba)2 




Following General Procedure II 74 (225 mg, 1.1 mmol, LI equiv), a solution of TBAF in 
THF (1.0 M, 2.0 mL, 2.0 mmol, 2.0 equiv), 4-iodoacetophenone (246 mg, 1.0 mmol) and 
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Pd(dba)2 (28.7 mg, 0.05 mrnol, 0.05 equiv) were combined. The mixture was stirred at room 
temperature for 10 min and then 2 mL of EtOAc/hexane, 7/3 were added. The mixture was 
filtered through a short column of silica gel which was eluted with 150 mL of EtOAc/hexane, 
7/3. The filtrate was concentrated to give a crude product which was purified by 
chromatography (silica gel, hexane'EtOAc, 8/2 to 7/3) to afford 240 mg (90%) of 75aas a pale 
yellow (non-distUlable) oil. 

Coupling Reaction of 74 with 4-Iodoanisoie. Preparation of (Z)-1-Phenyl-H4- 
methoxyphenyJ)-3-buten-I-ol 75b 




5" 



Following General Procedure 11.74(225 mg, 1.1 mmol, 1.1 equiv), a solution of TBAF in 
THF (1.0 M, 2.0 mU 2.0 mmol, 2.0 equiv), 4-iodoanisole (234 mg, 1.0 mmol) and Pd(dbah 
(17.2 m* 0.03 mmol, 0.03 equiv) were combined. The mixture was stirred at room temperature 
for 30 min and then 2 mL of EtQAc/hexane, 7/3 were added. The mixture was filtered through a 
short column of silica gel which was eluted with 150 mL of EtQAc/hexane, 7/3. The filtrate was 
concentrated to give a crude product which was purified by chromatography (silica gel, 
hexane/EtOAc, 9/1 to 4/1 ) to afford 234 mg (92%) of75bas a pale yellow (non-disrillable) oil. 
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Coupling Reaction of 74 with Ethyl 3-Iodobenzoate. Preparation of Ethyl 3-|(Z)-4-hydroxy- 
4-phenyl-l-butenylH>en2:oate 75c 




Following General Procedure 11,74(225 mg, 1.1 mmol, t.l equiv), a solution of TBAF in 
XHF (1.0 M, 2.0 mL, 2.0 mmol, 2.0 equiv), ethyl 3-iodobenzoate (276 mg, L0 mmol) and 
Pd(dba)2 ( 17.2 mg, 0.03 mmol, 0.03 equiv) were combined. The mixture was stirred at room 
temperature for 30 min and then 2 mL of EtOAc/hexane, 7/3 were added. The mixture was 
filtered through a short column of silica gel which was elated with 150 mL of EtOAe/hexane, 
7/3. The filtrate was concentrated to give a crude product which was purified by 
chromatography (silica get t hexane/EtOAe, 9/1 to 4/1) to afford 276 mg (93%) of 75casapa»e 
yeUow (non-distillable) oil- 
Coupling Reaction of 74 with 2-lodotoluene. Preparation of (2>l-Phenyt-4-{2 
methy ]phen> l)-3-buten-l-ol 75d 




74 75d 



Following General Procedure 11,74 (225 mg, 1.1 mmol, 1.1 equiv), a solution of TBAF in 
XHF 0.0 M, 2.0 mL, 2.0 mmol, 2.0 equiv), 2-iodotoluene (218 mg, 1.0 mmol) and Pd(dba)2 
(!7.2 m*, 0.03 mmol, 0.03 equiv) were combined. The mixture was stirred at room temperature 
for 30 mm and then 2 mL of EtOAc/hexane, 7/3 were added. The mixture was filtered through a 
short column of silica gel which was eluted with 150 mL of EtOAc/hexane, 7/3. The filtrate was 
concentrated to give a crude product which was purified by chromatography (silica gel, 
hexane/EtOAc, 9/1 to 4/1) to afford 212 mg (89%) of75d as a pate yellow (non-distillable) oil. 
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Coupling Reaction of 74 with (£)-2-Bro.mostyrc]ie. Preparation of (3Z,5£>l,6-Dipheiiyi-3,5- 
hexadied-l-ol (6). 




4" 



Following General Procedure II, 74 (225 mg, 1.1 mmol, LI equiv), a solution of TBAF in 
THF (1.0 M, 2.0 mL, 2.0 mmol, 2.0 equiv), (£)-2-bromostyrene (183 mg, 1.0 mmol) and 
[allylPdCffe (9.2 mg, 0.025 mmol, 0.025 equiv) were combined. The mixture was stirred at 
room temperature for 5 h and then 2 mL of EtOAc/hexane, 7/3 were added. The mixture was 
filtered through a short column of silica gel which was eluted with 150 mL of EtQAc/hexane, 
7/3. The filtrate was concentrated to give a crude product which was purified by 
chromatography (silica gel, hexane/EtOAc, 19/1 to 17/3) to afford 194 mg (78%) of A-5 as a pale 
yellow (non-disci liable) oil. 

Preparation of Dim^thyiJ(l-phenyi-2-propeiiy0o.vyjvinybHafl^ 

Me Me tjia 

Ci 2. Efe N. 0 "C to rt ' ^(^^ 

S-5 

In a 25-m'L flask was placed l-phenyl-2-propen-l-ol (1.34 g, 10.0 mmol) and EtjN (2.0S 
mL, 15.0 mmol, 1. 5 equiv) in CH2CI2 (10 mL) under N2 atmosphere at 0 *C (internal). To the 
solution was added dropwise chlorodimethylvinylsilane (1.66 mL, 12.0 mmol, 1.2 equiv): The 
solution was allowed to warm to room temperature and was stirred for 1 h. The mixture was 
then poured to ice water (30 mL) and was extracted with CH2O2 (2 x 30 mL). The combined 
organic layers were dried (Na2$04), filtered and the solvent was removed by rotary evaporation. 
The residue was purified by chromatography (silica gel, hexanc/EcOAc, 49/1) followed 
Kugelrohr distillation under reduced pressure to afford 1 .96 g (90%) of B-5 as a colortess liquid. 



74 



Si 



SI 



Preparation of 3-iVfethyI-l-phenyI-l-buteivI-oL 

Me 



M " OH Me 



THF.O°Ctort 4 , 




To a solution of benzaldehyde {3.05 mL T 30 mmol) in THF (30 mL) was added 2- 
methyla3lylmagnesmm chloride (0.S M in THF, 45 mL, 36 mmol, 1.2 equiv) under N 2 at 0 °C 
(internal). The mixture was warmed to room temperature and was stirred ibr 1.5 h. The mixture 
was then poured into saturated aqueous NH 4 C1 solution (30 mL) and was extracted with EtOAc 
(2 x 30 mL). The combined organic layers were washed with brine (30 mL), then were dried 
{ Na?SC>4) and filtered. The solvent was removed by rotary evaporation and the residue was 
purified by Kugelrohr distillation to afford 4.33 g (89%) of 3-methyi-l -phenyl- l-buten-l-ol as a 

colorless oil ■ 



Preparation of DinM*hyi{(l-phenyL^ 

4" 3 

Me Me 

OH Me 



j J 2.ElaN,0°Ctort 

C-5 4 



In a 25-mL flask was placed 3-methyi~l-phenyf-3-buten-l-ol (2,43 g, 15.0 mmol) and 
Et 3 N (3.13 mL, 22.5 mmol, 1.5 equiv) in CH>Cb (15 mL) under a N.2 atmosphere at 0 °C 
(internal). To the solution was added dropwise chlorodimethylvinylsilane (2.48 mL, IS.O mmol, 
1.2 equiv). The mixture was allowed to warm to room temperature and was stirred for i h. The 
mixture was then poured to ice water (30 mL) and the aqueous phase was extracted with CH2O2 
(2 x 30 mL). The combined organic layers were dried (NasSC^), filtered and the solvent was 
removed by rotary evaporation. The residue was purified by chromatography (silica gel, 
hexane/EtOAc, 49/1) followed Kugelrohr distillation under reduced pressure to afford 3.32 g 
(90%) of C-5 as a colorless liquid. 
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Preparation of (l-PhenyI-3-i>uten-l-)1oxyH2-octenyl)diineth>Isilane 



m 



SI 
0 

01 

O 





1. .fcBuU 

2. ClSiMB 5 Cl 



cat DMAP, EfeN, 
0°Ctort 

To a solution of 2-bromo-l-octene (1.25 g, 6.6 minol, l.l equiv) in £t 2 0 (7 rriL) was 
added dropwise /-BuLi (1.5 M, 8.8 mL, 1 3.2 mrnol 2.2 equiv) under a Na atmosphere at -78 °C 
CI (internal). The pale-yeitow, cloudy mixture was stirred for I h at -78 °C (internal). The mixture 
V? was then added to a solution of dichlorodimethylsilane (1. 82 mL, 1 5.0 mmol, 2.5 equiv) in Et 2 0 
(10 mL) by cannula at -78 °C (internal). The mixture was allowed to warm to room temperature 
and was stirred for 2 h whereupon a white solid precipitated. After removal of solvent and 
excess dichlorodimethylsilane under reduced pressure, hexane (50 mL) was added and the solids 
M were removed by Sehienk filtration. After removal of the solvent, the residue was dissolved in 
CH2O2 (5 mL)- Tne solution was then added to a solution of i-phenyt-3-buten-l-ol (8S8 mg, 
6.0 mrnol, L0 equiv), 4-dimeth>iaminopyridine ( 1 10 mg, 0.9 mmol T 0.15 equiv), and Et 3 N (1.25 
mL, 9.0 mmol, 1.5 equiv) in CH2CI2 (10 mL) under N 2 atmosphere at 0 °C (internal). The 
mixture was allowed to warm to room temperature and was stirred for 2 h. The mixture was then 
poured to ice water (20 mL) and the aqueous phase was extracted with CH2CI2 (2 x 20 mL). The 
combined organic layers were dried (Na 2 SC>4), filtered and the solvent was removed by rotary 
evaporation. The residue was purified by chromatography (silica gel, hexane) followed 
Kugelrohr distillation under reduced pressure to afford 1 .25 g (66%) of D-5 as a colorless liquid. 



Preparation of Dim*thyM2^ctenytH0-p^ 



1. f-8ut_i 

2. OSiMesC! 



OH fcte 



catDMAP,Et 3 N, 
0°Cto rt 




E-5 
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To a solution of 2-bromo-l-octene (2.85 g, 15.0 mmoU 1.2 equiv) in EtjO (15 mL) was 
added dropwise with /-BuLi (1 .5 M, 20.0 mL, 30.0 mmol, 2.4 equiv) under N? atmosphere at -78 
°C (internal). The pale-yellow, cloudy mixture was stirred for I h at -78 °C (internal). The 
mixture was then added to a solution of dichlorodimethyisilane (3.S mL f 31.25 mmol 7 2.5 equiv) 
in Et 2 0 (15 mL) via cannula at -78 °C (internal). The mixture was allowed to warm to room 
temperature and was stirred for 2 h whereupon a white solid precipitated. After removal of 
solvent and excess dichlorodimethyisilane under reduced pressure, hexane (50 mL) was added 
and the solids were removed by Schlenk filtration. After removal of the solvent, the residue was 
dissolved in CH2CI2 (5 mL). The solution was then added to a solution mixture of l-phenyl-3- 
methyl-3-buten-l-ol (2.03 g, 12.5 mmol, 1.0 equiv), 4-dimethytaminopyridine (229 mg, 1.8S 
mmol, 0.15 equiv), and Et 3 N (2.6 mL, tS.S mmol, 1.5 equiv) in CH 2 C\ 2 (10 mL) under N 2 
atmosphere at 0 C C (internal). The mixture was allowed to warm to room temperature and was 
stirred for 2 h. The mixture was then poured to ice water (20 mL) and the aqueous phase was 
extracted with CH2CI2 (2 x 20 mL). The combined organic layers were dried (Na^SO*), filtered 
and the solvent was removed by rotary evaporation. The residue was purified by 
chromatography (silica gel, hexane) followed Kugelrohr distillation under reduced pressure to 
afford 2.85 g (69%) of £-5 as a coiortess liquid. 



Preparation of Dim£thyH(l-pheny l-4-penteiiyI)oxy Jviny lsilane 



3" 



i*re^ y tig j a 

oh M \{^ rr^' 

|N 2. EtjM 0 D Ctort 4 .l|^l 



F-5 



In a 50-mL flask was placed l-phenyl-4-penten-l-ol (3.24 g, 20.0 mmol) and Et 3 N (4.2 
mL, 30.0 mmol, 1.5 equiv) in CH 2 C1 2 (20 mL) under a N 2 atmosphere at 0 °C (internal). To the 
mixture was added dropwise chlorodirnethylvinylsilane (3.3 mL, 24.0 mmol, 1.2 equiv). The 
mixture was allowed to warm to room temperature and was stirred for 0.5 h. The mixture was 
then poured to ice water (30 mL) and the aqueous phase was extracted with CH 2 C1 2 (2 x 30 mL). 
The combined organic layers were dried (Na 2 S0 4 ), filtered and the solvent was removed by 
rotary evaporation. The residue was purified by chromatography (silica gel, hexane/EtOAc, 
49/1) followed Kugelrohr distillation under reduced pressure to alTord 4.48 g (91%) of F-5 as a 
colorless liquid. 
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Ring-Closing Metathesis of G-5 Preparation of 2,2-DirtiethyI-5-phenyl-l-oxa-2- 
silacyclopent-3-ene 



6 




G^5 76a 



Following General Procedure 1, benzene {10 mL), Schrock's catalyst (53.6 mg, 0,07 
mmol, 0.07 equiv), andG-5(2i8 mg, 1.0 mmol, 1.0 equiv) were combined and the mixture was 
stirred at room temperature for 3 h in the dry box. After removal of the solvent under reduced 
pressure, the residue was filtered through a short column of Ceiite which was then eluted with 
100 mL of hcxane/EcOAc, 49/1. The filtrate was concentrated followed by Kugelrohr distillation 
to afford 1 6S mg (89%) of 76a as a ootorless liquid. 

Ring-Closing Metathesis of H-5. Preparation of 2,2 ) 4-TrimethyI-6-phen>H-oxa-2- 
silaeycIohex-3-ene (76d). 



7 6 




76b 



Following General Procedure I, benzene (10 mL), Schrock's catalyst (53.6 mg, 0.07 
mmol, 0.07 equiv), and H-5 (246 mg, 1.0 mmol, 1.0 equiv) were combined and the mixture was 
stirred at room temperature for 12 h in the dry box. *H NMR analysis showed that the reaction 
was not complete (conversion: 90%). To the mixture was added another portion of catalyst (7.6 
mg, 0.01 mmol, 0.01 equiv) and the mixture was stirred for another 3 h. After removal of the 
solvent under reduced pressure, the residue was filtered through a short column of silica gel 
which was eluted with 100 mL of hexane/EtOAc, 49/1. The filtrate was concentrated and the 
residue was purified by Kugelrohr distillation to afford 199 mg (91%) of 76b as a colorless liquid. 
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Ring-Closing Metathesis of 1-5 Preparation of 2^Dimethyl-3-hexyl-6-phejiyH-oxa-2- 
silacyclohex^3-ene 76c 



6 5 




Following General Procedure I, benzene {10 mL), Schrock's catalyst (53.6 mg, 0,07 
mmol, 0.07 equiv), and 1-5 (316 mg, 1.0 rnmoU 1.0 equiv) were combined and the mixture was 
stirred at room temperature for 12 h in the dry box. After removal of the solvent under reduced 
pressure, the residue was filtered through a short column of silica gel which was eluted with 100 
ml of hexane/EtOAc, 49/1. The filtrate was concentrated followed by Kugelrohr distillation to 
afford 259 mg (90%) of 76c as a cotortess liquid. 



Ring-Closing Metathesis of Preparation of 2 J 2-Drmethyl-7-pheiiyl-l-<>xa-2- 

siIacyclohept-3-eoe 76d 




J " 5 76d 



Following General Procedure II, benzene (10 m'L), Scbrock's catalyst (38.3 mg, 0.05 
mmol, 0.05 equiv), J-S (246 mg. 1-0 mmoU 1-0 equiv) were combined and the mixture was stirred 
at room temperature for 6 h in the dry box. »H NMR analysis showed that the reaction was not 
complete (conversion: 80%). To the mixture was added another portion of catalyst (15 J mg, 
0.02 mmol, 0.02 equiv) and the mixture was stirred for another 6 h (conversion: 91%). After 
removal of the solvent under reduced pressure, the residue was filtered through a short column of 
silica gel which was eluted with 100 mL of hexane/EtOAc, 49/1. The filtrate was concentrated 
and the residue was purified by chromatography (silica gel, hexane/CH 2 Cl 2 , 17/3) followed by 
Kugclrohr distillation to afford the product 176 mg (81%) of 76das a cotarless 0 iL 
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Coupling Reaction of 76a with Ethyl 4-fodobenzoate. Preparation of Ethyl 4-[(2)-3- 
hydroxy-3-phenyM-propeiiyIJbenzoate 




Following General Procedure II, 76a (209 mg, I.I mmol, LI equiv), a solution of TBAF 
in THF (I..0 M, 2.0 mL, 2.0 mmol, 2.0 equiv), ethyl 4-iodobenzoaie (276 mg, 1.0 mmol) and 
Pd(dba)2 (17.2 mg, 0.03 mmol, 0.03 equiv) were combined. The mixture was stirred at room 
temperature for 30 min and then 2 mL of EtOAc/hexane, 7/3 were added. The mixture was 
filtered through a short column of silica gel which was eiuted with 150 mL of EtOAc/hexane, 
7/3. The filtrate was concentrated to give 3 crude product which was purified by 
chromatography (silica gel, hexane/EtOAc, 19/1 to 4/1) to afford 240 mg (85%) of K~5as a pale 
yellow (non-disti liable) oil. 

Coupling Reaction of 7Sb with 2-lodotoulene. Preparation of (Z)-l-PheityL-3-methyI-4-<2- 
meth> ]phenyl)-3-buten-l-ol 




Following General Procedure llj&b (240 mg, 1.1 mmol, LI equiv), a solution of TBAF 
in THF (1.0 M, 2.0 mL, 2.0 mmol, 2.0 equiv), 2-iodotoluene (213 mg, 1.0 mmol) and Pd(dba)2 
(17.2 mg, 0.03 mmol, 0.03 equiv) were combined. The mixture was stirred at room temperature 
for 45 min and then 2 mL of EtOAc/hexane, 7/3 were added. The mixture was filtered through a 
short column of silica gel which was duted with 150 mL of EtOAc/hexane, 7/3. The filtrate was 

concentrated to give a crude product which was purified by chromatography (silica gel, 
hexane/EtOAc, 19/1 to 9/1) to afford (209 mg (83%) of L-5 as a pale yellow (non-disdliable) oil. 
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Coupling Reaction of 76c with Ethyl 3-Iodot>enmate. Preparation of Ethyl 3-J(Z>-l-hexyW- 
hydroxy^phenyM-butenyl|benzoate 




US 



Siioxane76c(317 mg, 1.1 mmol, 1. 1 equiv) was dissolved in a solution of TBAF (1.0 M 
in THF, 2-0 mL, 2.0 mmol, .1.0 equiv) under an Ar atmosphere at ambient temperature. After 2 
min, ethyl 3-iodobenzoate (69 mg, 0.25 mmol, 0.25 equiv) and Pd(dba) 2 (14.3 mg„ 0.025 mmol, 
0.025 equiv) were then added sequentially. The mixture was stirred at room temperature for 3 h. 
Additional portions of ethyl 3-iodobenzoate (69 mg, 0.25 mmol, 0.25 equiv) and Pd(dba)2 (14.3 
mg, 0.025 mmol, 0,025 equiv) were added 3 times at 3 h intervals. The mixture was slimed for 
24 h at room temperature and then 2 mL of EtOAc/hexane, 7/3 were added. The mixture was 
filtered through a short column of silica gel which was eluted with 150 mL of EtOAc/hexaxte T 
7/3. The filtrate was concentrated to give a crude product which was purified by 
chromatography (silica gel t hexane/EtOAc, 19/1 to 4/1) to afford 307 mg (81%) of M-5 as a pale 
yellow (non-distillable) oii. 

Coupling Reaction of 76d with 4-lodoadisole, Preparation of (2)-l-Phenyl-5-<4- 
metboxyphcny!>4-p«nten-I-ol 

OMe 5" 




Following General Procedure il,76d (240 mg, 1.1 mmol, LI equiv), a solution of TBAF 
in THF (L0 M, 2.0 mL, 2.0 mmol, 2.0 equiv), 4-iodoanisole (234 mg, 1.0 mmol, 1.0 equiv) and 



81 



Pd(dba)i (17.2 mg, 0.03 minol, 0.03 equiv) were combined. The mixture was stirred at room 
temperature tor 30 min and then 2 mL of EtOAc/hexane, 7/3 were added. The mixture was 
filtered through a short column of silica gel which was eluted with 150 mL of EtOAc/hexane, 
7/3. The filtrate was concentrated to give a crude product which was purified by 
chromatography (silica gel, hexane/EtOAc, 19/1 to 17/3) to afford 228 mg (85%) of N*5 as a pals 
yellow (non-distillable) oil- 
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Example 7: 

Preparation of Dfisopropyl-(3-pentynyloxy)siIanc 



^-OH , 
H 3 C-S= ' H 3 C— CH 3 

A-7 

To a cold (0 °C) solution of 3-pentynol (5.880 g, 70.0 mmol, t.O equiv). 4- 
dimediylaminopyridine (DMAP) (840 mg, 7.00 mmol, 0.10 equiv). and triethylamine (TEA) 
C i (9.80 ml, 71.0 mmol, 1.0 1 equiv) in 100 mL of dry hexane was added dropwise 

i» chlorodiisopropylsilane (1 1.0 g, 71.0 mmol, 1 .0 1 equiv) over 20 minutes. The resulting 

?! white suspension was allowed to warm to room temperature and was stirred overnight. The 

(J! reaction mixture was filtered through a short silica pad ( 1 0 g) and the solvent was then 

M evaporated in vacuo to give a colorless liquid. Fractional distillation of this liquid afforded 

11 .2 g (81%) of A-7 as a colorless liquid. An analytical sample (0.48 g) was obtained by 
redistillation of a 0.50 g sample by Kugelrohr distillation. 

Prepararton of (£)-3-Ethyliden2,2-diisopropyl-l-oxa-2-silacyclopentane 

(78). 



CHs CH3CH3 



9 

A-7 78 



To a solution of silane A-7 (10.2 g, 51.5 mmol) in 200 mL of dry dichloromethane at 
room temperature was added H 2 PtCl2-6H 2 0 (0.90 mL of 0.2 M solution in isopropanol, 
0.18 mmol, 0.35% equiv). A vigorous exotherm was noted and reaction mixture was cooled 
in a tap water bath, and stirring was continued for 70 min. The solvent was then evaporated 
in vacuo to give 10.7 g of an amber liquid. Fractional distillation of the liquid afforded S.50 
g of 78 (83%) as a colorless liquid. 
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Genera] Procedure for Coupling of Oxasilacyclopentanes 




In a two-necked flask fitted with a rubber septum and gas inlet tube, the 
oxasilacyclopentane, 78 (1.1 equiv) was dissolved in a solution of tetraburylammonium 
fluoride (TBAF) (2.0 equiv), at ambient temperature under nitrogen. The electrophile (1.0 
equiv) was added portion wise or in one portion as specified below. The palladium catalyst 
(5 mol% of Pd) was added in one portion to the mixture following the first portion of 
electrophile and the mixture was stirred at designated temperature for a designated period of 
time. The reaction mixture was purified with a specified amount of silica gel as indicated 
below by column chromatography. The products were further purified by Kugelrohr 
distillation and/or sublimation. 

Reaction of lodobenzene with Oxasilacyclopentane 78. (£)-3-Piienyl-3- 
penten-l-ol 79a 




Following the General Procedure, 78 (432 mg, 2.18 mmol, 1. 10 equiv), was 
dissolved in a solution of TBAF in THF (4.0 mL, 4.0 mmol, 2.0 equiv) and the mixture was 
stirred for 10 min at rt. lodobenzene (405 mg, 1.98 mmol, 1 .0 equiv) was added in three 
portions over 20-min intervals and Pd(dba) 2 (56 mg, 0.098 mmol, 0.050 equiv) was added 
following the first portion of iodide. The mixture was stirred at rt for a total of 400 min and 
then was extracted with 50 ml of 1/1 ether-pentane three times. Removal of the solvents in 
vacuo afforded the crude product as a yellow oil. Purification of the oil by column 
chromatography (S1O2, 63 g, pentane/ether, 9/1) and Kugelrohr distillation afforded 284 mg 
(88%) of 79a as a colorless oil. Biphenyl (4.0 mg, ca 2%) was also isolated. 
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Reaction of l-Iodonaphfchalene with Oxasilacyclopentane (£)-3-(l- 
N aph thy l)-3-pe n ten- 1 -ol 79k 




G T 79k 



Following the General Procedure, ™ (243 mg, 1.23 mmol, 1.1 equiv) 7 was dissolved 
in a solution of TBAF in THF (2.2 mL, 2.2 mmol, 2.0 equiv) and the mixture was stirred for 
10 min at rt. 1 -lodonaphthalene (283 mg, 1.12 mmol, 1.0 equiv) was added in three 
portions over 55-min intervals and Pd(dba) 2 (32 mg, 0.056 mmol, 0.050 equiv) was added 
following the first portion of iodide. The mixture was stirred at 35 °C for a total of 500 
min. The crude mixture was then loaded onto 2 g of silica gel and was purified by -column 
chromatography (SiCh, 32 g, pentane/ether, 9/1). Removal of the solvent and subsequent 
sublimation (60 *G'0.1 mm Hg) of the resulting product afforded 180 mg (76%) of 79k as a 
white solid. 

Reaction of 3-lodopyrirfhie with Oxasilacyclopentane 73 (£>3-(3-Pyridyl)- 
3-penten-l-ol 7Sm 




79m 



Following the General Procedure, 78 (440 mg, 2.2 mmol, 1.1 equiv), was dissolved 
in a solution of TBAF in THF (4.0 mL, 4.0 mmol, 2.0 equiv) and the mixture was stirred for 
10 min at rt. 3-Iodopyridine (412 mg, 2.0 mmol, 1.0 equiv) was added in one portion and 
Pd(dba) 2 (57 mg, 0.10 mmol, 0.050 equiv) was then added. The mixture was stirred at 
45 for a total of 45 h. The crude mixture was then loaded onto 4 g of silica gel and was 
purified by column chromatography (SiQ 2 , 75 g t pentane/ether, 1/1). Removal of the 
solvent and Kugelrohr distillation of resulting product afforded 240 mg (74%) of 79m as a 
colorless oil. 
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One-pot Arylation of 3-Pentyn-l-ol with lodobenzene- (£>3-Phenyl-3- 
penten-l-ol 



3 2 45 




213 

In a two-necked flask was placed 3-pentyn-l-ol (160 mg, 1 .90 mmol, 1.3 eqaiv) and 
tetramethyldisilazane (0.26 mL, .1.50 mmol, 1.0 equiv) was added dropwise at rt. The 
mixture was stirred for 1 h, whereupon dry THF (3.0 mL) was added followed by 
pIatmum(0M3HiivmyM^ complex (50 uL, in xylenes). The 

mixture was stirred at rt for 1 h (GC/MS monitoring indicated hydrosilyiation was 
completed). To this mixture was added dropwise a solution of TBAF in THF (33 mL, 3.3 
mmol, 22 equiv). Iodobenzene (306 mg, 1.50 mmol, 1.0 equiv) and Pd(dba) 2 (84 mg, 0.15 
mmol. 0.10 equiv) were each added in one portion, successively to the mixture. The mixture 
was stirred at rt for 40 min. The reaction mixture was loaded onto 4 g of silica gel and was 
purified by column chromatography (Si0 2 , 40 g, pentane/ether, 9/1) and Kugelrohr 
distillation afforded 206 mg (85%) of 213 as a colorless oil. Biphenyl was neither detected 
nor isolated. 

One-pot Arylation of 3-Octyn-l-ol with 4-Iodobenzene with 10% Pd(dba) 2 . 
(£>3-Phenyl-3-octen-l-oI 214 




In a two-necked flask was placed 3-octyn-l-ol (246 mg, 1.95 mmoL 1 .3 equiv) and 
tetramethyldisiiazane (0.27 mL, 1 .56 mmol, 1 .04 equiv) was added dropwise at rt. The 
mixture was stirred for 1.5 h, then the reaction mixture was evacuated at rt for 10 m to 
remove TMDS. Dry THF (3.0 mL) was added followed by platinum(0)-l,3-divinyi-l,lJ ? 3- 
tetramethyldisiloxane complex (70 uL, in xylenes). The mixture was stirred at rt for 1 .5 h 
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(GC/MS monitoring indicated hydrosilylation was completed). To this mixture was added 
dropwise a solution of TBAF in THF (3.3 mL t 3.3 mmol T 2.2 equiv). Iodobenzene (303 
mg, 1 .50 mmol, 1 .0 equiv) and Pd(dba)2 (84 mg, 0. 15 mmol, 0. 1 0 equiv) were added in one 
portion, successively to the mixture. The mixture was stirred at rt for 40 min. The reaction 
mixture was loaded onto 4 g of silica gel and was purified by column chromatography 
(SiO?, 45 g, pentane/ether, 23/2) and Kugeirohr distillation afforded 257 mg (84%) of 214 as 
a colorless oil. 

One-pot Aryiation of 3-Octyn-l-ol with 4-Iodobenzene with 5% Pd(dba)2. 
<£>3-Phenyi-3-octen-l-ol 214 



ch 3 (ch,.; 




In a two-necked flask was placed 3-octyn~i-ol (246 mg, 1 .90 mmol, 13 equiv) and 
tetramethyidisilazane (0.27 mL, 1 .56 mmol, 1 .04 equiv) was added dropwise at rt. The 
mixture was stirred for 1 h, then the mixture was evacuated at rt for 10 m to remove TMDS. 
Dry THF (3.0 mL) was added followed by platinum(0>l>diviny 1-1,1, 33- 
tetraniethyldisiloxane complex (50 uL, in xylenes). The mixture was stirred at rt for 1 h 
(GC/MS monitoring indicated hydrosilylation was completed). To this mixture was added 
dropwise a solution of TBAF in THF (3.3 mL, 3.3 mmol, 2.2 equiv). Iodobenzene (305 
mg, 1.50 mmol, 1 .0 equiv) and Pd(dba) 2 (42 mg, 0.15 mmol, 0.050 equiv) were added in 
one portion, successively to the mixture. The mixture was stirred at rt for 90 min. The 
reaction mixture was loaded onto 4 g of silica gel and was purified by column 
chromatography (S1O2, 46 g, pentane/ether, 23/2) and Kugeirohr distillation afforded 257 
mg (85%) of 214 as a coiorless oil. 
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One-pot Arylatlon of 3-Octyn-l-ol with 4-Iodobenzene with 5% Pd(dba) 2 
and Lower Hydrosllylation Concentration. (£)-3-PhenyI-3-ocren-I-ol 




In a two-necked flask was placed 3-octyn-l-ol (246 mg, 1 .95 ramol, 1.3 equiv) and 
tetramethyldisilazane (0.27 mL, 1 .56 mmol, 1 04 equiv) was added dropwise at rt. The 
mixture was stirred for I h, then the mixture was evacuated at n for 10 m to remove TMDS. 
Dry THF (10.0 mL) was added followed by platinum(0>l,3-divinyl-U,3> 
tetramethyldisiloxane complex (30 uL, in xylenes). The mixture was stirred at rt for 2 h 
(GC/MS monitoring indicated hydrosilylation was completed), then was concentrated to 2.0 
mL. To this mixture was added dropwise a solution of TBAF in THF (3.3 mL, 3.3 mmol, 
2.2 equiv). lodobenzene (303 nig, 1.50 mmol, 1.0 equiv) and Pd(dba) 2 (42 mg, 0. 15 mmol, 
0.050 equiv) were added in one portion, successively to the mixture. The mixture was 
stirred at rt for 90 min. The reaction mixture was loaded onto 4 g of silica gel and was 
purified by column chromatography (Si0 2 , 56 g, pentane/ether, 9/1) afforded 275 mg of 214 
as a yellow liquid. The NMR data matched those for the previous reaction, but the material 
was not pure. However, the isomeric ratio was not changed 
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Example 8: Cross-Coupling of Vinylpolysiloxanes 



A representative procedure for the cross-coupling of 1,3,5,7-tetxamethyl-l, 3,5,7- 
tetravinylcyclotetrasiloxane (92) with 4-iodoacetophenone follows. To a solution of 92 (207 
mg, 0.6 mmol, 1.2 equivalents) in THF (0.2 ml) was added a solution of TBAF (Fluka, 1 M in 
THF, 4.0 ml). After 10 min, 4-iodoacetophenone (492 mg, 2.0 mmol) and Pd(dba) 2 (58 mg, 0.10 
mmol, 5 mol%) were added sequentially. A strong exotherm was observed (the temperature of 
reaction solution increased from 24 to 55°C within 6 min). After 10 min, GC analysis showed 
that the iodide was consumed (HP-5, 200°C, 15 psi: tR 6, 5.40 min). Diethyl ether (10 ml) was 
added and the mixture was stirred for an additional 5 min. The mixture was filtered though a 
short column of silica gel, which was further eluted with ether (50 ml). The combined eluate was 
concentrated by rotary evaporation and vacuum drying to give the crude product which was 
purified by silica gel chromatography (24 xl62 mm, pentane-ethyl acetate, 40:1) to afford 4- 
vinylacetophenone as a white solid 258 mg (88%). 

Procedure II for the cross-coupling of 92 with 4-iodoacetophenone: 
To a solution of 92 (207 mg, 0.6 mmol) in THF (0.2 ml) was added a solution of TBAF 
(Fluka, 1 M in THF, 4.0 ml). After 10 min, Pd(dba) 2 (58 mg, 0.10 mmol, 5 mol%) was added. 
Then a solution of 4-iodoacetophenone in THF (2.0 ml, 1 .0 M) was slowly added by syringe such 
that the reaction temperature did not exceed 30°C (45 min). After complete addition of 4- 
iodoacetophenone, the reaction mixture was stirred at room temperature for 10 min, whereupon 
GC analysis showed that the iodide was consumed. Ether (10 ml) was added and the mixture was 
stirred for an additional 5 min. The mixture was filtered though a short column of silica gel, then 
was eluted with ether (50 ml). The combined eluate was concentrated by rotary evaporation and 
vacuum drying to give the crude product which was purified by silica gel chromatography 
(24x155 mm, hexane-ethyl acetate, 40:1) to afford 4-vinylacetophenone as a white solid 233 mg 
(80%). 
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Example 9: Hydrocarbation of Terminal Alkynes 



General Experimental 

Solutions of tetrabutylammoriiuin. fluoride (TBAF) irr THF (l.Q M) employed in all 
descriptive- runs were prepared from colorless crystalline tetrabutylammonium fluoride trihydraie 
(Fluka). Tctramethyldisiloxane was from Lancaster and directly* used without further purification. 
Phenylacetylene (Aldrich) was distilled prior to use. All .other alkynes, hepryne, 4^pemyn-l-ol 
(GFS) and 2-phenyl-3-butyn- l-ol (Fluka) were directly used without further purification. All the 
commercial halide reagents (Aldrich, ACROS) were purified by distillation or column 
chromatography prior to use. AUylpoiladium chloride dinner [allylPdCljs was purchased from 
ACROS. PlaUum(0)-13-divinyl'lJ;33.-tetramcthyldisiloxane complex, solution in xylene was 

purchased from Aldrich. 

r-Bu 3 P-Pi(0) complex was prepared according to the literature procedure 1 ; l-Bu^P (32 mg, 
0.158 mmol) (Strem Chemicals) was dissolved in platinum(0>l J( 3-divinyM J.3,3- 
terrarnethyldisiloxane complex ( 1.5 mL solution in xylene, Aldrich). The mixture was stirred at 65 
*C (oil bach) for 5 min and then was slowly cooled to rt. This solution could be stored under N 2 m 

Literature Preparations 

The following compounds were prepared by literature methods: f-Bu 3 P-Pt(D) complex. 1 (£)- 
iHodoheptene, 2 diethytethoxysilane, 3 2-bromosiyrerie 4 and 5-(2-pn^enyloxyM-pentyne, 5 
Pd(dba) 2 . 6 

General Procedure I: One-pot Cross-coupling Reaction of Terminal Alkynes with Aryl or 
Alkeny[ Ha tides. 

Toasoludonof i,U,3-tetramethyldisiloxarte (0,65- K8 mmol, 1.3/2-I.&2 equiv) in THF 
was added *-Bu,P-Pt(0) complex (25-50 (lL), The neat alkyne (1,3-3.6 mmol, 1/3-1.8 equiv) was 
then slowl y added with external cooling with a wateT bath (the temperature of reaction was not 
allowed to exceed 30 °C>- The hydrosilylation mixture was stirred at rt for 30 min after the 
complete addition of the alkyne. 

A solution of TBAF (Fluka, 1 .0 M in THF, 2.0-6.0 rnmol, 2.0-3.0 equiv) was added to 
above solution. After 10 min, the aryl or alkenyl halide (1.0-2.0 rnmol, l.Oequiv), Pd(dba), (5 
mol%) and (if required) Ph 3 As (10 mol%) were sequentially added. A strong exotherm was 
observed. The reaction was monitored by GC or GC-MS. When the halide was consumed, ether 
(10 mL) was then added and the mixture was stirred for an additional 5 min. The mixture was 
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filtered through, a short column of silica gel, then was eluted with ether (50-120 mL). The 
combined eluate was concentrated by rotary evaporation and vacuum, drying, to give the crude 
product which was purified by silica gel chromatography or RP chromatography- and Kugelrohr 
distillation to afford the product. 

General Procedure II: One-pot Cross-coupling Reaction of Terminal Aikyne and Aryl 
Halides, Reverse Order. 

To a solution of L13,3-tetramethyidisiloxane (0.65-L95 mmol 1.3/2-1.95/2 equiv) in THF 
was added r-Bu 3 P-Pt(0) complex (25-50 fiL). The meat aikyne ( 1 .3-3.0 mmol 1 .3-1.5 equiv) was 
then slowly added with external cooling with a water bath (the temperature of reaction was not 
allowed to exceed 30 °C). The hydxosilylation mixture was stirred at rt for 30 min after die 
complete rhe addition of the aikyne. 

A solution of TBAF (Fluka, 1.0 M in THF, 4.0-6.0 mmol 2.0-3.0 equiv) was added to 
£i above solution. After 10 min, Pd(dba) 3 (57,5 mg, 0.10 mmol, 5 md\%) was added. A solution of 

the aryl iodide (2.0 mmol 1 .0 equiv) in THF (2.0 mL, KG M) was then slowly added by syringe 
l ?J such that the temperature of reaction solution did not exceed 30°C (addition time is about 45 min). 

%J The reaction mixture was stirred at room temperature and was monitored by GC. When the iodide 

"NJ was consumed, ether (10 mL) was then added and the mixture was stirred for an additional 5 min. 

The mixture was filtered through a short column of silica gel, then was ehifed with ether. The 
combined eluate was concentrated by rotary evaporation and vacuum drying to give the. crude 
Q1 product which was purified by silica gel chromatography and Kugelrohr distillation to afford the 

O product, 

CI 

Preparation of I.[4-((i£)-2-pheny!ethenyl)phenyl]ethanone 

Me Me f-BMsP-Pt(0> 1 jf~\__ 

•irt" * phc=cH Tsr* ^-^o-L 

AFC 

2 171 175b 

Following General Procedure 1 a solution of M, 3,3-tetramethyldisiloxane (96 mg, 0.72 
mmol, 1,43/2 equiv), f-BujP-Pt(O) complex (25 fiL>and phenylacetylene (133 mg, 1.3 mmol, L3 
equiv) in 0. 1 5 mL of THF was stirred at rt for 30 min. A solution of TBAF in THF (2.0 mL, 1 .0 
M, 2.0 equiv), 4-iodoacetophenone (246 mg, 1.0 mmol LO equiv) and [allylPdCl^ (9.1 mg, 2.5 
mol%) were added and the mixture was stirred at rt for 10 min. Ether (10 mL) was added, then the 
mixture was filtered through a short column of SiO £ ». which was cluted with ether (TOO mL) and 
then was concentrated. Purification of the crude product by column chromatography on silica gel 
(pentane/EtOAc, 30/1) afforded 197 mg (89%) of 1 75b as a white solid ; 
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Preparation of (£>1-{1-Heptenyl)naphthalene 



c6 « 




We Ma NBuaP-Pt(0) I^JL^J 1«a 

H-Si-O-SWH + HC=(CH 8 ) 4 CH 3 ^ 

Me fite THF TBAF 

162 167 1693 

Following General Procedure L a solution of L r i ^-tccrdmethyldisiloxane (175 mg, 13 
mmol, 13/2 equiv), r-Bu 3 P-Pt(0) complex (50 pL) and heptyne (250 mg, 2.6 mmol, 1.3 equiv) in 
0,2 mL of THF was stirred ac rt for 30 min. A solution of TBAF in THF (4.0 mL, t 0 M, 2.0 
equiv), Hodonaphthalene (508 mg, 2.0 mmoK 1,0 equiv) and Pd(dba) 2 (57.5 mg, 5 mol%) were 
added and the mixture was stirred at rt for 10 min. Ether (10 mL) was added, then the mixture was 
filtered through a short column of SiO,, which was eluted with ether (50 mL) and then was 
concentrated. Purification of the residue by column chromatography on silica gel (pentane) and 
RPC (CIS. MeOH/H,0, 9/1) followed by Kugelrohr distillation afforded 366.6 mg (82%) of 16Sa as 
colorless oil 
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Example 10: Fluorine-Free Cross-Coupling Reactions 

Genera! Procedure I: Paiiadium-Catalyzed, Cross-Coupling Reaction of (£> or (Z)-(l- 
Heptenyldimethylsilanol ((£)-21) with l-lodonaphrhalene using Various Activators. 

s 




3 

(£>21 (£>-152a 




(2>21 (2)- 152 a 



The activator (4.0 mmoL 2.0 equiv) was dissolved or suspended in dry solvent (4 mL) at 
room temperature under an atmosphere of dry argon. To this solution was added in the 
following order: the silanol (2.0 mmol, 1.0 equiv), 1-iodonaphthalene (2.0 mmol) and then the 
palladium catalyst (5 mo'1%). The mixture was stirred at room temperature for 1 5 min - 5 h. The 
reaction mixture was then filtered through a short silica gel column (20 g). The plug was eluted 
with diethyl ether (100 mL) and the eluate was evaporated in vacuo. The residue was purified by 
column chromatography (Reverse Phase CIS or SiCb, 25 g) to afford the corresponding product 
which was further purified by bulb-to-bulb distillation. 

Reaction of (£>21 with l-Iodonaphthalene using EVleLI in THF [Table 20, entry I]. 

Following General Procedure I, a solution of MeLi in ether (2.5 mL of a 1.6 M solution, 
4.0 mmol, 2.0 equiv), (£)-21 (344 mg, 2.0 mmol, 1.0 equiv), l-iodonaphthalene (292 p.L a 2.0 
mmol) and Pd(dba) 2 (58 mg, 0.1 mmol, 0.05 equiv) was stirred in THF (4 mL) at room 
temperature for 24 h, and then was filtered through SiOz- Purification by column 
chromatography (RP CIS, Me0H/H 2 O, 9/1) afforded 241 mg (47%) of 1-iodonaphthalene and 
113 mg (40%) of 1-methylnaphthalene. 
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Reaction of (£)-21 with I-Iodonaphthalene using Nail and Hexaraethyldisitoxane in THF 
[Table 20, entry 2]. 

Following General Procedure I, a mixture of hexane washed NaH (96 mg, 4.0 mmol, 2.0 
equiv), hexamethyldisiloxane (106 |iL, 0.5 mmol, 0.25 equiv), (£>21 (344 mg, 2.0 mmol, 1.0 
equiv), 1-iodonaphthalene (292 p.L, 2.0 mmol) and Pd(dbab (58 mg, 0.1 mmol, 0.05 equiv) was 
stirred in DMF (4 mL) at room temperature for 7 h, and then was filtered through SiCK 
Purification by column chromatography (RP C18 ? MeOH/H 2 0, 9/1) afforded 363 mg (81%) of 
(£> 1 52a as colorless oil. 

Reaction of (£)~21 with 1-Iodotiaphthalene using Nail in DMF [Table 20, entry 3]. 

Following General Procedure I, a mixture of hexane washed NaH (96 mg, 4.0 mmol, 2.0 
equiv), (E)-2\ (344 mg, 2.0 mmoI ? 1.0 equiv), 1-iodonaphthalene (292 jiL, 2.0 mmol) and 
Pd(dba)i (58 mg, 0.1 mmoK 0.05 equiv) was stirred in DMF (4 mL) at room temperature for 90 
mm, and then was filtered through SiOz- Purification by column chromatography (RP CIS, 
MeOH/FhO, 9/1) afforded 359 mg (78%) of (£>152a as colorless oil. 

Reaction of (£)-21 with 1-Iodonaphthalene using NaH in DME [Table 20, entry 4]. 

Following General Procedure I, a mixture of hexane washed NaH (96 mg, 4.0 mmol, 2.0 
equiv), (£>21 (344 mg, 2.0 mmol, 1.0 equiv), 1-iodonaphthalene (292 ^L, 2.0 mmol) and 
Pd(dba) 2 (58 mg, 0.1 mmol, 0.05 equiv) was stirred in DME (4 mL) at room temperature for 60 
min, and then was filtered through SiOz- Purification by column chromatography (RP CIS, 
MeOH/HiO, 9/1) afforded 365 mg (81%) of (£>152a as colorless oil 

Reaction of (£>2 1 with 1-Iodonaphthatene using KH In THF [Table 20, entry 5]. 

Following General Procedure I, a mixture of hexane washed KH (160 mg, 4.0 mmol, 2.0 
equiv), (£>21 (344 mg, 2.0 mmoK 1.0 equiv), 1-iodonaphthalene (292 \iU 2.0 mmol) and 
Pd(dba)z (58 mg, 0. 1 mmol, 0.05 equiv) was stirred in THF (4 .mL) at room temperature for 120 
min, and then was filtered through SiCb. Purification by column chromatography (RP CIS, 
MeOH/H 2 0, 9/1) afforded 381 mg (85%) of (£)-l52a as colorless oil. 



94 



Reaction or (£)-21 with 1-Iodonaphthaiene using KH in DM.E [Table 20, entry 6]. 

Following General Procedure 1, a mixture of hexane washed KH (160 mg r 4.0 mmol 2.0 
equiv), (£>21 (344 mg 7 2.0 mmol, 1.0 equiv), I -todonaphthalene (292 jiL, 2.0 mmoi) and 
Pd(dba)z (53 mg, 0.1 mmol, 0.05 equiv) was stirred in DME (4 mL) at room temperature for 15 
min, and then was filtered through SiCb. Purification by column chromatography (RP C18 ? 
MeOH/H 2 0, 9/1) afforded 370 mg (32%) of (£)-152a as colorless oil. 

Reaction of (£)-21 with 1-Iodonaphthatene using KOfBu in DME [Table 20, entry 7]. 

Following General Procedure I, a mixture KO/Bu (449 mg, 4.0 mmol. 2.0 equiv), (£>2-l 
(344 mg, 2.0 mmol, 1 .0 equiv), l-iodonaphthalene (292 pi, 2.0 mmol) and Pd(dba>2 (58 mg, 0. 1 
mmol, 0.05 equiv) was stirred in DME (4 ml) at room temperature for 180 min, and then was 
filtered through SiC>2- Purification by column chromatography (RP CIS, MeQH/H^O, 9/1) 
afforded 403 mg (90%) of (£>152a as colorless oil. 

General Procedure II: Palladia m-Catatyzed Cross-Coupling Reaction of Alkenyfsttanes 
with Aryl halides. 

Potassium trimethylsilanoate (90%) (4.0 mmol, 2.0 equiv) was dissolved in dry DME (4 
mL) at room temperature under an atmosphere of dry argon. To this solution was added the neat 
silanol (2.2 mmol, 1.1 equiv) followed by the aryl iodide (2.0 mmol), and then die palladium 
catalyst (5 mol%). The mixture was stirred at room temperature for 15 min - 14 h. The reaction 
mixture was then filtered through a short silica gel column (20 g). The plug was eluted with 
diethyl ether (100 mL) and the eluate was evaporated In vacuo. The residue was purified by 
column chromatography (Reverse Phase CIS or Si0 2 , 25 g) to afford the corresponding product 
which was further purified by bulb-to-bulb distillation. 
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Reaction of (2)-21 with 1-Iodonaphthalene using KII in DME [Table 21, entry Ij. 

Following General Procedure I, a mixture of hexane washed KH (160 mg, 4.0 mmol, 2.0 
equiv), (2)-21 (344 mg, 2.0 mmol, 1.0 equiv), 1-iodonaphthalene (292 ^iL, 2.0 mmol) and 
Pd(dba)2 (58 mg, 0.1 mmol, 0.05 equiv) was stirred in DME (4 mL) at room temperature for 15 
min, and then was filtered through Si0 2 - Purification by column chromatography (RP C18 T 
MeOH/HiO, 9/1) afforded 219 mg (49%) of (ZH 52a and 77 mg (30%) of naphthalene. 

Reaction of (2)-21 with I-Iodonaphthalene using KO/Bu in DME [Table 21, entry 2]. 

Following General Procedure I, a mixture KO/Bu (449 mg, 4.0 mmol, 2.0 equiv), (2>21 
(344 mg, 2.0 mmol, 1.0 equiv), I-iodonaphthalene (292 ^iL ? 2.0 mmol) and Pd(dba>2 (58 mg t 0. 1 
mmol, 0.05 equiv) was stirred in DME (4 mL) at room temperature for 24 h, and then was 
filtered through Si0 2 - Purification by column chromatography (RP CIS, MeOH/FbO, 9/1) 
afforded 238 mg (53%) of (ZH 52a. 

Reaction of (Z)-21 with l-Iodoruiphthalene using KOSiMe* In DME [Table 21, entry 3]. 
Following General Procedure 1, a mixture of KOSiMe} (570 mg, 4.0 mmol, 2.0 equiv), (Z)-21 
(344 mg, 2.0 mmol, 1 .0 equiv), l-iodonaphthalene (292 jiL, 2.0 mmol) and Pd(dba) 2 (58 mg T 0.1 
mmol, 0.05 equiv) was stirred in DME (4 mL) at room temperature for 24 h 7 and then was 
filtered through SiOi, Purification by column chromatography (RP C18, MeGH/H 2 0 T 9/1) 
afforded 394 mg (88%) of (Zy 152a. 
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Preparation of (E)-1-{1-Heptenyl)naphthatene ((£)-154a) [Table 22, entry 1]. 

8 

'^rS^/r^ 

3 

(£>1 54a 



Following General Procedure IL a mixture of K05tMe 3 (570 mg, 4.0 mmol 2.0 equiv), 
(Ey2\ (379 mg, 2.2 mmol, 1.1 equiv), 1-iodonaphthalene (292 |iL, 2.0 mmol) and Pd(db^(53 
me, 0. 1 mmol, 0.05 equiv) was stirred at room temperature for 2 h t and then was filtered through 
SiCb. Purification by column chromatography (RP CIS, MeOH/HzO, 9/1) and Kugelrohr 
distillation afforded 416 mg (93%) of (£>154a as colorless oil. 



Preparation of (2>1-(1-Heptenyl)naphthalene ((Z)-i54a> [Table 22, entry 2]. 



(Z)-2i^ * 





4 3 



(2>154a 

Following General Procedure IK a mixture of KOSiMe 3 (570 mg, 4.0 mmol, 2.0 equiv), 
(Z)-21 (379 mg, 2.2 mmol, 1.1 equiv), 1-iodonaphthalene (292 (iL, 2.0 mmol) and Pd(dba)2 
258mg, 0.1 mmol, 0.05 equiv) was stirred at room temperature for 9 h, and then was filtered through 
Si02- Purification by column chromatography (RP CIS, MeOH/H 2 0, 9/1) and Kugelrohr 
distillation afforded 394 mg (38%) of (2>154a as colorless oil. 



97 



Preparation of (£)-l-Hepteny!benzene ((£>154b) [Table 22, entry 3]. 




(£>154b 



.Following General Procedure II, a mixture of KOSiMe3 (570 nig, 4.0 rnmol, 2.0 equiv), 
(£>21 (379 mg, 2.2 mmol, 1.1 equiv), iodobenzene (224 (iL, 2.0 mmol) and Pd(dba3 (58 mg, 0.1 
mmol, 0.05 equiv) was stirred at room temperature for 0.5 h, and then was filtered through SiO?- 
Purification by column chromatography (RP CIS, MeOH/H 2 0, 9/1) and Kugelrohr distillation 
afforded 318 mg (91%) of (£>I54b as colorless oil. 

Preparation of (2)-21-Heptenylbenzene ((Z)-154b) [Table 22, entry 4]. 



(z>-2i + ^y~ ] 




(2)-154b 



Following General Procedure II, a mixture of KOStMes (570 mg, 4.0 mmol, 2.0 equiv), 
(Z)-21 (379 mg, 2.2 mmol, 1.1 equiv), iodobenzene (1.0 mmol) and Pd(dba) 2 (58 mg, 0.1 
mmol, 0.05 equiv) was stirred at room temperature for 7.5 h, and then was filtered through SiCK 
Purification by column chromatography (RP CIS, MeOH/H 2 0, 9/1) and Kugelrohr distillation 
afforded 298 mg (86%) of (Z)-154b as colorless oil. The spectroscopic data matched those from 
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Preparation of (£)-l-[4-(l-Heptenyl)phenyl|ethanone ((£)-154c) [Table 22, entry 5]. 



O 



(£>21 + h 3 i 




Following General Procedure II, a mixture of KOSiMes (570 mg, 4.0 mmol, 2.0 equiv), 
(£>21 (379 mg, 2.2 rnmol, 1.1 equiv), 4-iodoacetophenone (492 mg, 2.0 mmol) and Pd(dba^ (58 
mg. 0. 1 mmol, 0.05 equiv) was stirred at room temperature for 9 h, and then was filtered through 
SiO?. Purification by column chromatography (RP CIS, MeOH/H 2 0, 9/1) and Kugelrohr 
distillation afforded 354 mg (82%) of (£>-154c as colorless oil. 



Preparation of (2)-l-J4-<l-Heptenyl)phenyl|ethanone [Table 22, entry 6]. 



7* 




(Z)-154c 

Following General Procedure II, a mixture of KOSiMej (570 mg, 4.0 mmol, 2.0 equiv), 
(Z)-21 (379 mg, 2.2 mmol, 1.1 equiv), 4-iodoacetophenone (492 mg, 2.0 mmol) and Pd(dbai (58 
me, 0.1 mmol, 0.05 equiv) was stirred at room temperature for 13 h, and then was filtered 
through Si0 2 . Purification by column chromatography (RP CI 8, MeOH/H 2 0, 9/1) and 
Kugelrohr distillation afforded 360 mg (83%) of (2>154c as colorless oil. 
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Preparation of (£)-Hl-HeptenylH-methoxybenzene ((£>154d) [Table 22, entry 7]. 
(£)-2l + l^JL. : * 5 * * 6 ' 




Following General Procedure II, a mixture of KOSiMe3 (570 mg, 4.0 mmol, 2,0 equiv), 
(£>21 (379 mg, 2.2 mmol, 1-1 equiv), 4-iodoanisole (468 mg, 2.0 mmol) and Pd(db^(5S mg, 
0.1 mmol, 0.05 equiv) was stirred at room temperature for 1 h, and then was filtered through 
SiCb- Purification by column chromatography (RP CIS, MeOH/HzO, 9/1) and JCugelrohr 
distillation afforded 361 mg (88%) of (£>154d as colorless oil. 

Preparation of (2)-l-(l-Heptenyl>4- m «* box y bei3zene ((*HS4d) [Table 22, entry 8], 

CH 3 

(Z)-21 + MeQ ^^ ^ M ?°"j^^^ 

v 

(2>154d 

Following General Procedure II, a mixture of KOSLMC3 (570 mg, 4.0 mmol, 2.0 equiv), 
(Z)-21 (379 mg, 2.2 mmol, 1.1 equiv), 4-iodoanisole (468 mg, 2.0 mmol) and Pd(dba2) (58 mg, 
0.1 mmol, 0.05 equiv) was stirred at room temperature for 9.5 k and then was filtered through 
St02- Purification by column chromatography (RP CIS, MeOH/H 2 0, 9/1) and Kugeirohr 
distillation afforded 373 mg (91%) of (2)-154d as colorless oil. 
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Preparation of (£Kl-HepteoylH-nitrobcnzene <(£}-154e) [Table 22, entry 9]- 

(£)-2I + l\ * L jL 2 * 4 ' 6 ' 

v y y 7 

(£>154e 

Following General Procedure II, a mixture of KOSiMe} (570 nig, 4.0 mmol, 2.0 equiv), 
(£>21 (379 mg 7 2.2 mmol, 1.1 equiv), l-iodo-4-nitrobenzene (498 mg, 2.0 mmol) and Pd(db^ 
(58 mg, 0.1 mmol, 0.05 equiv) was stirred at room temperature for 15 min, and then was filtered 
through SiCb. Purification by column chromatography (RP CIS, MeOR^O, 9/1) and 
Kugelrohr distillation afforded 415 mg (95%) of (E)A54e as colorless oil. 

Preparation of (JZ)-(l-IIeptenyl>4- n " r obeii2ene ((Z)-154e) [Table 22, entry 10]. 



Following General Procedure II, a mixture of KOSiMej (570 mg, 4.0 mmol, 2.0 equiv), 
(Z)-2l (379 mg, 2.2 mmol, 1.1 equiv), t~iodo-4-nitroben2ene (498 mg T 2.0 mmol) and Pd(dba^ 
(58 niR, 0.1 mmol, 0.05 equiv) was stirred at room temperature for 15 min, and then was filtered 
through SiOz- Purification by column chromatography (RP CIS, MeOH/HaO, 9/1) and 
Kugelrohr distillation afforded 374 mg (85%) of (Z)-154e as colorless oil. 
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Preparation of Ethvl-(£)^l-heptenyl)l>enz0ate ((£)-1540 [Table 22, entry 1 1]. 



(E)-21 + 




(£>i54f 

Following General Procedure II, a mixture of KOSiMe^ (570 mg, 4.0 mmol, 2.0 equiv), 
(Ey21 (379 mg T 2.2 mmol, 1.1 equiv), ethyl-4-iodobenzoate ( 2.0 mmol) and Pd(dba)2 
(58 me, 0J mmol, 0.05 equiv) was stirred at room temperature for 15 min T and then was Filtered 
through S1O2. Purification by column chromatography (S1O2, Hexane/Ethyl Acetate, 50/1) and 
Kugelrohr distillation afforded 413 mg (84%) of (£>154f as colorless oil. 

Preparation of Ethyl-(2)-4-<l-heptenyl)benz0ate ((2>-154f) [Table 22, entry 12]. 



T 



(2>21 + 




(2>l54f 



Following General Procedure 11, a mixture of KOSiMe3 (570 mg, 4.0 mmol, 2.0 equiv), 
(Z)-21 (379 mg, 2.2 mmol, l.l equiv), ethyl-4-iodobenzoate ( 2.0 mmol) and Pd(dba)2 
(58 mg, 0.1 mmol, 0.05 equiv) was stirred at room temperature for 15 min, and then was filtered 
through S1O2- Purification by column chromatography (RP CIS, MeOH/FbO, 9/1) and 
Kugelrohr distillation afforded 41 1 mg (83%) of (Z)-154f as colorless oil. 



102 



Preparation of (l,l-DlmethyIethyl)|(24Z^l-heptenylpheny ((£)- 
I54g) [Table 22, entry 13]. 




(£>154g 



Following General Procedure II, a mixture of KOSiMes (570 mg ; 4.0 mmol, 2.0 equiv), 
(£>21 (379 mg., 2.2 mmol, l.i equiv), ethyM-iodobenzoate (696 mg, 2.0 mmol) and Pd(dbag (58 
mg, 0. 1 mmoL 0.05 equiv) was stirred at room temperature for 2 h, and then was filtered through 
Si0 2 - Purification by column chromatography (RP CIS, MeOH/H 2 0, 9/1) and Kugelrohr 
distillation afforded 510 mg (80 %) of (£)-lS4g as colorless oil. 

Preparation of (l,l-Dimethytethyl)K2^ ((Z)- 
154g) [Table 22, entry 14]. 




(Z)-I54g 



Following General Procedure II, a mixture of KOSiMc3 (570 mg, 4.0 mmol, 2.0 equiv), 
(2>21 (379 mg, 2.2 mmol, 1.1 equiv), ethyl-4-iodobenzoate (696 mg, 2.0 mmol) and Pd(dbad (5S 
mg, 0. 1 mmol, 0.05 equiv) was stirred at room temperature for 2 h, and then was filtered through 
Si0 2 . Purification by column chromatography (RP CIS, MeOH/H 2 0, 9/1) and Kugelrohr 
distillation afforded 488 mg (76 %) of (£)-154g as colorless oil. 
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Preparation of (Ijl-DimethylethyOIfl-lodopbenyOmethoxyldlmethylsilane. 




To a stirring solution of 2-iodobenzyIalcohol (2.34 g, 10 mmol ) in 50 mL DMF was 
added imidazole (1.02 g, 15 mmol, 1.5 equiv) and TBSC1 (1.66 g, 11 mmoi, 1.1 equiv). The 
mixture was stirred at room temperature for 5 h, then 40 mL of water was added The mixture 
was transferred to a separator}' funnel. The aqueous layer was separated and extracted with ether 
*=% (2 x 40 mL). The combined organic layers were then washed with water (2 x 40 mL). dried with 
%£j MgSO^ and filtered. The solvent was removed in vacuo and the residue was purified by column 
\j chromatography and then Kugelrohr distillation to afford the product (3.107 g ? 89%) as a clear 
j^l colorless liquid. 

t 

r * 

t» : 

'3 

%l 

iLr ! 

.BSC 
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All references cited herein are incorporated by reference herein to the extent that they 
are not inconsistent with the disclosures herein. References 18, 28, 29 and 30 (Appendix D) 
are each individually incorporated by reference in their entirety herein to the extent that they 
are not inconsistent herewith. 

Further details of the cross coupling reactions of organosilicon reagents of this 
invention may be found in the following references as well as in references cited in the listed 
references: 

Denmark, S.E. and Choi, J.YJ. (1999) J. Am. Chem. Soc. 121:5821 
Denmark, S.E. and Wu, Z. (1999) Org. Lett. 1: 2137 
Denmark, S.E. and Wang, Z. (2000) Synthesis , p. 999 
Denmark S.E. and Wehrli, D. (2000) Org. Lett. 2:565 
Denmark, S.E. and Neuville, L. (000) Org. Lett. 2:3221 
Denmark, S.E. and Pan, W. (2001), Org. Lett. 3:61 
Denmark, S.E. et al. (2000) Org. Lett. 2:2491 

Denmark, S.E. and Wang, Z. (2001) J. Organometall. Chem. 624:372-375 
Denmark, S.E. and Wang, Z. (2001) Organ. Lett. 3(7):1073-1076 
Denmark S.E. and Yang, S-M. (2001) Organ. Lett. 3(1 1):1749-1752 
These references may include additional information on starting materials, reagents, 
reaction conditions and purification procedures useful in the practice of this invention. All of 
these references and references cited therein are incorporated by reference herein to the extent 
that they are not inconsistent with the disclosures herein. 
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TabIe-3 The Effect of Additive on the Coupling with 42. at 
Room Temperature 



TBAF (3.0 equiv) 




[alfylPdClk (5 mol%) 
ligand (20 mol%) 
rt 




^4 . 



45 



46 



entry ligand 



time conversion 
(h) (%) 



product ratio 
(4:5:6) 



1 

2 

3 

4 

5 

6 
7 

8 



(o-toDsP 

(furyl^P 
PrvjAs 

(c-Hex) 3 P 



68 
46 
24 
46 
96 

90 
72 



100 

0 

0 

100 
100 

78 

100 



71 : 15: 13 



P-tBu 



48 100 
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73 : 5 : 0 
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Table g The Effect of Ligand/Pd Ratio on the Coupling with 




HI " 










entry (r-BvOaP 6 


a-Bu)3P/Pd 


conversion (%) 4:5 




1 6 


1.2 




100 7:1 




2 10 


2.0 




100 12:1 




3 21 


4.2 




57 56:1 




4 36 


7.2 
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" See Tabled for reaction conditions. 
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* Mole % (f-Bu>3P with respect to 



Tabled . The Effect of Ligand/Pd Ratio on the Coupling with 
40- 

TBAF (3.0 equiv) 



40 



THF, reflux, 16 h 




44 f 5 



^Bu) 3 P (?-Bu) 3 P/. Pd 4:5 

1 1 mol% 2.2 89 : 1 1 

16mol% 3.2 92:8 

20 mol% 4.0 95 : 5 



Table-7 Cross-Coupling of Selected Aryl Iodides with <{0 
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Table 2 Cross-Coupling of Selected Aryl Iodides with Aryl 
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Tabid 2 Palladium-Catalyzed Cross-Coupling of 61 with Aryl 
Iodides" 



Me Me 

61 




-R 



1. TBAF 
(2.0 equiv) 

2. [allylPdClb 
{2.5 mol %) 






enirv 


R 


time, min 


product 


yield,* % 




i 


4-C0 2 Et 


10 


62a 


84 




2 


3-C0 2 Ec 


10 


62b 


86 




3 


2-C0 2 Mg 


240 


62c 


92 


its. 


4 


2-NO2 


10 


62d 


85 


jf] 




2-CH3 


20 


62e 


80 




6 


2-OCH3 


10 


62f 


74 




Jed 


2-CH2OH 


20 


62g 


88 


3. I 

"a 


8 


3-CH 2 OAc 


20 


62h 


87 




"All reactions employed 1.2 equiv of si 


" Yield of analytically pure 



materials. c Yield of chromatographically homogeneous materials, 
equiv of 61 and 5 mol % of Pd(dba)? were used. 



L2 



Table 13 Palladium-Catalyzed Cross-Coupling of"74with Aryl 
Iodides - 






entry 


R 


Pd(dba) 2 . 
mol% 


time, 
min 


product 


yield, 4 ' 
% 




l c 


4-COMe 


5.0 


10 


75a 


90 




2 


4-OMe 


3.0 


30 


75b 


92 




3 


3-C0 2 Et 


3.0 


30 


75c 


93 


SB 


4 


2-Me 


3.0 


30 


75d 


89 




5 


2-NO2 


3.0 


90 


75e 


86 


hi 


6 


2-CI-I2OII 


5.0 


180 


75f 


90 




7 


2-C0 2 Me 


5.0 


360 


75g 


84 



a All reactions employed 4 (1.1 equiv), TBAF (2.0 equiv), aryl iodide 
(1.0 equiv), and Pd(dbah (3.0-5.0 mo! %) in THF at room temperature. 
b Yields of analytically pure materials. r Yield of chromatographically 
homogeneous material. 



Table 14 Palladium-Catalyzed Cross-Coupling of 76 with Aryl 
Iodides" 




sub- 





strate. 








Pd(dba} 2 , 


time. 


prod- 


yield. 


entry 


n 


R 1 


R 2 


R 3 


mol% 


h 


uct 


% 


I 


76 a, 0 


H 


H 


4-C0 2 Et 


3.0 


0.5 


77a 


85 


2 


76b, 1 


H 


Me 


2-Me 


3.0 


0.75 


77 b 


83 


3' 


76 c 1 


Cr,H 13 


H 


3-C0 2 Et 


10.0 


24 


77c 


81 


4 


76d. 2 


H 


H 


4-OMe 


3.0 


0.5 


77 d 


85 rf 



a All reactions employed76(U equiv), TBAF (2.0 equiv), ary! iodide 
(1.0 equiv), and Pd(dba)2 (3.0 mol %) at room temperature unless otherwise 
specified. 7 ' Yields of analytically pure materials. * Pd(dbah (2.5 mol %/3 
h) and (0.25 mmoi/3 h) were added portionwise. a Yield of chromaiographi- 
cally homogeneous material. 
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Table 15: Palladium-Catalyzed Cross-Coupling of 78 with Aryl 
lodides(a) 



78 




1 . TBA- (2.0 equiv) 

2. Pd(dba>2 <5m<ri%) 
THF. rt-45°C 




CH 



79 



entry R time. IVtcmperature. °C product yield . b % 



1 


H 


6.66/rt 


79a 


88 


2 


2-iMe 


6.83/rt 


79b 


74 


3 


2-MeO 


10.0/35 


79c 


74 


4 


2-NCb 


23/35 


79d 


56 


5 


3-HOCH2 


G.OVrt 


79e 


81 


6 


4-CHso 


6.50/ct 


73f 


72 


7 


4-MeCO 


6.0/rt 


79g 


70 


8 


4-NO2 


6.25/rt 


79n 


67 c 


9 


4-CN 


46/45 


79i 


70 


10 


4-COOEt 


16/45 


79j 


86 



* Reaction conditions: Li equiv of 78 2.0 equiv o! I UAF, and 5 mol 
% of Pcftdbafe were employed for L0 equiv of iodide in THF at rt. The 
iodide was added in portions as specified (see Supporting Information). 
* Yields of analytically pure materials. c Isomeric ratio 95:2/4.8 by capillary 
GC analysis. 



Table 16 Palladium-Catalyzed Cross-Coupling of Silyl 
Hydrides with Aryl Iodides" 



OR 



1. o-Bu 4 N^F(2.0 equiv) 
or r>Bu 4 N*OhT (3.0 equiv) 



_ I or /7-DUdiN ^-/n ip.u euuiv; 



Si 



3. [ailylPdClfe (2.5 mol %) 



entry alane R 3 time, product yield % b 

min 




89 

OBu CN 

5 u,t ' 85 2-CN 900 76 

90 




" 1.2 equiv of silyl hydride, 2,0 equiv of TBAF. and 2.5 mol % of 
[allylPdClfe were used unless otherwise specified. * Yield of analytically 
pure materials. n Yield of chromatographically homogeneous materials^ 1.4 
equiv of 85 and 2.5 mol % of [allylPdClfc were used. 4 'The intermediate 
enol ether was hydrolyzed directly ("1 N HC1> /2-Bromobenaonitrile was 
used. * 3.0 equiv of TBAOH was used. 
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Table 19 




Me 



0.411 mmol (82.2%) 




Me 






0.236 mmol (94.3%) 




CN 



Sj ! 




Me 2 



f F 0.181 mmol (72.3%) 




0.207 mmol (83.0%) 



0.195 mmol (78.1%) 



.Me. 



6^ 




Br 




0,066 mmol (26.5%) 



1: 0.6mmol l,2-bis(dimethylcfliQxysi]yl)eihene; 2ml TBAF (1M in THF); LOmmol Arl; 28.8xng Pd(dba) 2 
2: 0.3mmol I,2-fais(diniediylethoxysnyl5cthend; lmJ TBAF (IM in THF); 0.5mmol Arl; 14.4 mg PdCdba)^ 
3: 0.25mmol 1 f 2-bis(dimethylethoxysilyDethcae; 1ml TBAF (IM in THF); 0.5mmol Arl; 14.4 mg Pd(dba)i 
4: 0 Jmmol l^-bisCdimethyIethoxysiIyI)cihcnc; 1ml TBAF (IM in THF); O.immol bromostyrene: 4.57 mg 
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